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Preface 

This volume is a collection of contributions from the 47th Annual Symposium of the 
Society of General Physiologists, held September 8-11, 1993 at the Marine Biological 
Laboratory in Woods Hole, Massachusetts. The Symposium brought together scien
tists who study cytoskeletal and membrane functions with scientists whose research is 
focused upon molecular evolution or on mechanisms that generate genetic diversity. 
The theme for the 47th Symposium reflects a revolution in the study of cellular 
physiology. A decade ago most of the macromolecules that mediate cellular pro
cesses were known only indirectly through their functions in transport, motility, 
signal transduction, and so on. The development of molecular biological techniques 
made possible a definition of these macromolecules in terms of the nucleotide 
sequences of their encoding DNAs and RNAs. Among the surprises coming from the 
new molecular information was the discovery that nearly all cellular functions are 
performed by macromolecules that are members of gene families. Thus, commonali
ties in mechanism might be deduced from similarities in primary structure of 
macromolecules subserving related functions in different cell types or in different 
organisms. How best to evaluate these similarities and derive useful deductions from 
them? This is a problem currently being faced by many cell physiologists. 

Nucleotide and amino acid sequences are character-rich and invite quantitative 
analyses. Such sequences have become major grist for studies of phylogenetic 
relationships, and the marriage of studies in molecular evolution with paleontologi
cal studies is among the truly exciting developments in modern biology. As contribu
tions in this symposium volume attest, however, the deduction of phylogenetic and 
molecular relationships is fraught with complications, and quantitative approaches 
to such deduction have become exceedingly sophisticated. Some of the analytical 
problems that phylogeneticists face are also faced by cell physiologists interested in 
using comparative molecular structure to guide them in their studies of structure
function relationships. Given the progress molecular phylogeneticists have made in 
character analysis, the time seemed ripe for a meeting of experts in this discipline 
with representatives of the new molecular physiology. This volume well represents 
the status of the respective fields and indicates the extent to which cross-stimulation 
is necessary to resolve the major scientific issues. 

We are grateful to Richard Harrison, Mitchell Sogin, and a large number of 
colleagues at the Johns Hopkins University for their advice during the planning 
stages of the meeting. Thanks also go to Jane Leighton and Sue Lahr for their 
continuous, tireless efforts, to the members of the Council of the Society of General 
Physiologists who were of enormous help in all phases, and to the director and staff 
of the Marine Biological Laboratory. We also thank all the participants in the 
meeting for providing the intellectual excitement that is reflected in this volume. 
Also, we wish to thank Carol Toscano at the Rockefeller University Press for her 
work in getting the proceedings published. 

The symposium would not have been possible without the financial support of 
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the Sloan Foundation and the National Science Foundation. An early commitment 
from the Sloan Foundation made the planning of the meeting a totally enjoyable 
task, free from financial worries. Support from the National Science Foundation 
allowed a number of young scientists to participate in the meeting. 

Douglas M. Fambrough 



Chapter 1 

Interpretation of Diversity: Homology Testing and 
Generation of Phylogenetic Trees 





Molecular Clocks Are Not as Bad as You Think 

W. M. Fitch and F. J. Ayala 

Department of Ecology and Evolutionary Biology, University of 
California at Irvine, Irvine, California 92717 

In this paper we intend to show that whether a molecular clock seems to be accurate 
or not may well depend upon whether all the biological factors that might affect the 
clock have been taken into account. Such factors include the answer to questions 
like: (a) Can a site vary more than once? (b) How many ways can a site vary? (c) How 
many sites can vary? (d) Do variable sites sometimes become invariable and vice 
versa? 

We will cover each of these questions in tum, ending with a study of an enzyme, 
the Cu-Zn superoxide dismutase (hereafter represented SOD), that is reputed to be 
a bad clock and show that, when all the biological factors are taken into account, 
SOD may be a good clock. 

As this material is intended for an audience not particularly sophisticated with 
respect to molecular clocks, we shall start with definition. We shall assume knowl
edge of what DNA is, how mutations change DNA sequence, and how mutants may 
affect gene products. 

A "clock" requires the periodic occurrence of observable events. A molecular 
clock will utilize molecular events that may be either "nucleotide substitutions" or 
"amino acid replacements". If these events occur with some regularity, there is a 
potential clock. While we may suppose that a clock exists in any particular case, it is a 
supposition subject to verification. This paper identifies factors that enter in that 
verification. 

One should distinguish between replacements (substitutions) and mutations. A 
"mutation" is an alteration of the DNA in an individual, a "replacement" is an 
amino acid change (and a "substitution" a nucleotide change) that has spread 
throughout the population, the species. There are normally billions of mutations for 
every replacement (and for every substitution), and so they are definitely different 
phenomena. 

Before we can test the regularity of replacements, we must be able to observe 
them. In fact, substitutions and replacements are unlikely to be observed. We can, 
however, observe "differences," and these imply that replacements (or substitutions) 
have occurred. If we line up the superoxide dismutase from humans with that from 
the rat, we will observe that the two sequences have different amino acids in 33 of the 
positions. These are differences and should be carefully distinguished from the 
replacements that we might hope are clocklike. True enough, each difference 
observed had at least one replacement in its history (as well as a substitution 
underlying that) but to treat them as identical is to assume that a replacement has 
never occurred twice at any given site. If one organism has an alanine at a position at 
which another organism has a leucine, they have one difference but their common 
ancestor might have had a valine at that position and, therefore, at least two 
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4 Molecular Evolution of Physiological Processes 

replacements have occurred, one in each lineage. Even if the ancestor had one of the 
two amino acids (say, leucine), it is likely that there was an intermediate replacement 
(leucine by valine) before the replacement that yields alanine in one of the lineages. 
The point to keep in mind is that we observe differences whereas what we want to 
count are replacements. 

There is a simple solution to this problem. If the next replacement occurs at a 
site that is essentially random with respect to previous replacements, then the 
distribution of replacements should be Poisson. Thus, if p0 is the fraction of sites 
without differences between two sequences, then 

r = lnp0, (1) 

where r is the average number of replacements/site. If n is the number of sites, then 
the total number of replacements in both lineages since their common ancestor is rn. 

Returning to the SOD example, there are 33 differences between human and rat 
out of 151 aligned positions. Thus, assuming all positions are variable, p0 = 
(151 - 33)/151 = 0.781 and therefore, r = 0.247 replacements/site. The estimated 
total number of replacements is 151 x 0.247 = 37.2 which represents a 13% increase 
over the 33 differences observed. 

We now move to question b. As we consider increasingly more distant relation
ships, there is an increasing probability that positions that do not differ have 
nevertheless been altered two or more times since their last common ancestor. For 
example, the common ancestor might be valine. Mter separation of the two lineages, 
a leucine replaced the valine at that position in each lineage. Thus, the sequences 
show zero differences in their character state (in the present amino acid at that site) 
but there have been two replacements in that character (site) since their last 
common ancestor. 

This problem too can be simply handled, as shown by Jukes and Cantor (1969). 
For simplicity, we will first consider substitutions rather than replacements. We note 
that two random nucleotide sequences would be expected to match, if each nucleo
tide is equally probable, in 25% of their positions. This is simply because there is one 
chance in four that a randomly drawn nucleotide will match a given nucleotide, 
because only four are possible. Thus, divergence will approach 75% mismatch 
asymptotically as the maximum possible. Let 8 = the fraction of sites that don't 
match (1 - p0). Then 

r = -(3/4) In (1 - 48/3), (2) 

where 8, the fraction of sites that differ, equals d/n, the number of differences 
divided by the length of the sequence. Eq. 2 would be the same as Eq. 1 if the 3 I 4 and 
4/3 were each 1 which would be approximately the case if, instead of only four kinds 
of nucleotides, there were very many. In Eq. 2, the units of r are substitutions/ 
nucleotide site. For amino acid sequences, the fractions become 19/20 and 20/19 
because there are 20 possible kinds of amino acids encoded: 

r = -(19/20) In (1 - 208/19), (3) 

where r is now in replacements/codon site as in Eq. 1. For example, using the SOD 
data again, 8 =din = 33/151 and therefore, r = (19/20) In (1 - 208/19) = 0.248 and 
the number of replacements becomes 37.5. This additional correction (compared to 



Molecular Clocks Are Not as Bad as You Think 

TABLE I 
Number of Codons That Change 0, 1, 2, 3 or More 
Times Among SOD Sequences 

Number of substitutions 
Expected1 

Observed 
Expected2 

0 
127.1 
134 
134.1 

1 
21.9 
10 
10.3 

2 
1.9 
5 
4.8 

~3 

0.1 
2 
1.9 

Expected1 is the distribution of changes expected if all 151 codons are 
variable. Observed is the number of codons observed. Expected2 is the 
distribution of changes expected if only 28 of the 151 are variable. In this 
case the zero class comprise 11.1 variable codons that by chance would not 
be expected to change plus 123 codons that were assumed to be invariable. 

5 

the correction in Eq. 2) is small, but becomes greater as B increases and, therefore, 
has a large effect when the fraction of sites that are different is large. 

Question c asks whether all sites are variable. Is it possible that some amino 
acids are so crucial that they cannot be changed without a debilitating loss of 
function sufficiently severe that selection will weed out the mutant? It is easy to 
imagine that the initiating methionine cannot be replaced without the complete loss 
of the protein, and additional examples are readily conjured up. Are such invariable 
positions present in significant numbers? 

To answer this question we must first notice some features of the "parsimony 
method" of tree-making. The procedure asks, "what tree would permit relating these 
sequences to a common ancestor with the fewest number of substitutions (or the 
least amount of whichever kind of change is used, such as, for example, 
morphological)?" The procedure not only yields the relationship, but estimates how 
many substitutions are minimally required for each position of the sequence. These 
estimates allow one to obtain a picture of how the substitutions are spread over the 
gene and permits us to ask whether their distribution is random, i.e., Poisson. 

SOD will serve as an example. In this case, the amino acid sequences are the 
data for the study, but we back-translate from the amino acids to their (ambiguous) 
codons. Thus, valine becomes the trinucleotide, GUN, as we switch from replace
ments to substitutions. "Replacement substitutions" is the name given by molecular 
biologists to the nucleotide substitutions that bring about amino acid replacements. 

Consider a small portion of the SOD tree that involves only a few Drosophila 
species. Table I shows how many times each codon has changed one of its nucleo
tides. The first row shows the codon changes after 26 substitutions: 134 have not 

Positions 

38,39 

cow RAT 

@ 
Gly Arg 

G····V '-... 
Asp Arg Gly Ser 

"'*-...e / 
Asp Ser 

Figure 1. Amino acid site variability. 
Shown on the left and right are the 
amino acids present in positions 38 
and 39 of the ribonuclease of cow and 
rat, respectively. In the middle are 
the two alternative intermediate 

stages required if replacements occur, generally one amino acid at a time. The lower 
intermediate would be ruled out if the positively charged arginine is required to protect the 
vital, positively charged lysine 41 from the deleterious effects of the negatively charged 
aspartate. See text for further details. 
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changed, 10 have changed only once, five have changed twice, and two have changed 
three times. What should we expect these numbers to be if the substitutions were 
randomly distributed? The expected numbers, shown in the second line, match very 
poorly and a test (Poisson dispersion statistic; see Markowitz, 1970) of the goodness 
of fit, indicates a probability of < IQ-6 that the fit would be worse than the one shown, 
if the distribution were random. The reason could be that some of the positions are 

28
•
9 Saccharomyces cerevisiae 

Neurospora crassa 

21.1 c 

B 
42.5 

17.1 

4. A 

Onchocerca volvulus 

'----...,..,1. ,.....-- Haemophilus parainnuenza 

Figure 2. Superoxide dismu
tase tree. The amino acid se
quences (back translated to am-
biguous codons) were fit most 
parsimoniously to this tree 
(which is 1,300 nucleotide sub
stitutions long) by the method 
of Fitch (1971) and Fitch and 
Farris (1974).1t is not the most 
parsimonious tree which was 
not used for reasons discussed 
in the text. The complete tree 
is obtained by joining parts A, 
B, and C to the portion show
ing the outgroups. The Gen
Bank numbers for these se
quences are as follows: Homo 
Sapiens (human) [A00512]; 
Oryctolagus cuniculus (rabbit) 
[S01134];Rattus norvegicus (rat) 
[P07632]; Mus musculus 
(mouse) [100915]; Sus scrofa 
(pig) [A00514]; Bos primigenius 
taurus (bovine) [A00513]; Ovis 
aries (sheep) [P09670]; Equus 

caballus (horse) [A00515]; Xenopus laevis (African clawed toad-A) [S05021]; (African clawed 
toad-B) [S05022]; (African clawed toad) [S09568]; Xiphias gladius (swordfish) [P03946]; 
Prionace glauca (blue shark) [S04623]; Pinus sylvestris (Scots Pine-l) [S84896]; Oryza sativa 
(rice-1) [S00999]; (rice-2) [DOlOOO]; Zea mays (maize) [A29077]; Brassica oleracea (white 
cabbage) [A25569]; Lycopersicon esculentum (tomato-1) [S08350]; Spinacia oleracea (spin
ach-1) [P22233]; Pisum sativum (garden pea-l) [M63003]; (Scots Pine-2) [S84902]; (spinach-2) 
[JSOOll]; (garden pea-2) [S12313]; (tomato-2) [S08497]; Petunia hybrida (garden petunia) 
[P10792]; Saccharomyces cerevisiae (yeast) [ A36171 ]; Onchocerca volvulus (nematode) [X57105]; 
Schistosoma mansoni (liver fluke) [A37029]; Neurospora crassa [M58687]; Haemophilus 
parainfluenza [M84013]. 

invariable. Indeed, if we assume that 123 positions are invariable and that the 26 
substitutions are randomly distributed among the remaining 28 codons, one gets the 
distribution shown in the bottom row of the table. This is an excellent fit to the data, 
so good that 81% is the probability of getting a worse fit by chance. 

The bad fit if we assume that all 151 codons are equally variable, and the 
excellent fit obtained by assuming that only 28 codons are variable (in this small 
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group), demonstrates that some positions, perhaps many, may not tolerate replacing 
the encoded amino acid. What is the effect of this difference on computations of the 
number of replacements since the common ancestor of the two most divergent 
members of that group of Drosophila? They are D. hydei and D. busckii and they differ 
by nine amino acids. Treating differences as replacements, there were nine replace
ments. Using Eq. 3 to correct for multiple replacements/site we get: 

A 

r = -151(19/20) In [1 - (20!19)(9/151)] = 9.3 replacements. 

African clawed toad·B 

6. 

B 

Figure 2 continued 

13/·
9 Chymomyza procnemis 

5.~ 0 
Chymomyza amoena 

3.5 · D. nebulosa 
.5 

3
_
0
D. succinea 

.sD. saltans 
3•1 D. equinoxialis 

· 
1·Dn. willistoni quechua 

If we now correct for the fact that only 28 of the sites appear to be variable, we get: 

r = -28(19/20) In [1 - (20/19)(9/28)] = 11.6 replacements. 

This is an 8.7-fold increase in the amount of the correction. As 8 increases, the 
magnitude of the correction is even greater. 

Question d asks whether the codons that are invariable ever become variable 
(and vice versa) during the course of evolution. An affirmative answer is easily 
imagined. Consider the enzyme ribonuclease which has an essential amino acid, 
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lysine at position 41, in the active site of the enzyme. Suppose that in the bovine 
ribonuclease (see Fig. 1, left side), the negatively-charged aspartate in position 38 
would draw the positively-charged lysine 41 out of its normal position, were it not for 
the fact that the positively-charged arginine at position 39 makes an ionic bond with 
the aspartate (Wyckoff, 1968). Thus, the arginine is required for protection of the 
lysine and could thus be invariable. The aspartate, however, might be variable and 
change to glycine as shown in the upper middle part of Fig. 1. Once that happened, 
the arginine is no longer needed for protection, so that it could change, for example, 
to glutamine and produce the configuration found in rat ribonuclease (right side of 
Fig. 1 ). If this scenario is correct, the intermediate shown in the lower middle part of 
Fig. 1 would not be possible. After publication of Fig. 1 (Fitch and Markowitz, 1970) 
the sequence of the pig ribonuclease was found to have glycine and arginine at 

1.0.------------------, 

o.9 

.. 
~ 0.7 
·;:: 
~ .5 0.6 .. = .g 0.5 

" u 
'S 0.4 

6 
~ 0.3 .. 
"" 0.2 

0.1 

Figure 3. Estimation of num
ber of covarions. For each clade 
in the tree in Fig. 2, we counted 
the number of codons subject 
to zero, one, two, ... substitu
tions and fitted these data to a 
two-Poisson model by the 
method of Fitch and Markow
itz (1970). One Poisson fits the 
varied codons and thus esti
mates a number of variable but 
unvaried codons. This number, 
subtracted from the number of 
codons with zero changes is the 
number of invariable codons 
which, as a fraction of the total, 

o.o 0 10 20 30 40 50 60 70 80 90 100 uo is plotted on they-axis. On the 
Root Height (Substitutions) x-axis is plotted the weighted 

average of the number of sub
stitutions from the root of the clade to the descendants of that root. The y-intercept is the 
estimated fraction of codons that are not covarions. The vertical bars represent one standard 
deviation of the estimate of the fraction of invariable codons. 

positions 38 and 39, as in the predicted intermediate, which confirms the plausibility 
of this example. Be that as it may, the point is that the evolutionary interchange of 
variability and invariability at a site is functionally quite reasonable. 

We return now to the SOD data and ask whether the 28 variable codons 
estimated above for the subset of Drosophila species is typical for other regions of the 
tree. The answer is no. We have examined the tree shown in Fig. 2 and estimated the 
number of invariable codons for every clade in the tree. This number, expressed as a 
fraction of the total number of positions, is plotted against the range of species 
comprised by successively more inclusive clades; as the range widens, the node 
defining that clade gets closer to the root. The weighted average number of 
substitutions to the node defining each clade is used as the measure of the range (Fig. 
3). 
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Fig. 3 shows that, as the range of species widens, the number of invariable sites 
decreases. We attribute this to the process just discussed by which positions that are 
not variable at one point in time may become variable later on, because replacements 
elsewhere alter what can or cannot occur at a given site. 

Fig. 3 manifests a reasonably linear relation between the fraction of invariable 
sites and the range of species. There is no known reason why this should be so, but it 
makes it possible to extrapolate to the zero range of species and infer that 87% of the 
amino acid positions are invariable at any one point in time in any one species. This 
result in turn yields the estimate that only 21 codons are variable at any one time-a 
number that no doubt is not constant but represents a mean value. It may be noted 
that 21 does not compute as 13% of 151, because for the larger data set there are 
eight more positions present that do not occur in the animals and fungi. But if 
replacements can occur in only 21 codons (in any one species at any one point in 
time), then the occurrence of sequences that differ at, say, 69 positions, as human 
and yeast sequences do, implies that the set of variable sites changes over time. The 
set of codons that are variable at any one point in time in a particular species are 
called cocomitantly variable codons, or covarions for short. 

We are now prepared to examine how bad is the SOD clock. Ayala (1986) 
examined SOD at a time when only eight sequences were known. He corrected the 
number of pairwise amino acid differences in order to account for superimposed 
replacements. The inferred rates of change implied by the data were 5.5 replacements/ 
100 million years when animals and fungi were compared, but 27.8 replacements/100 
million years when mammals were compared to each other, a greater than fivefold 
difference. The difference could in principle be the result of errors in setting the 
dates of common ancestry. But it is unreasonable to assume either that the set of 
mammals diverged more than 300 million years ago, or that the common ancestor of 
animals and fungi occurred as recently as 240 million years ago. The data would seem 
to justify the conclusion that the SOD clock is bad (Ayala, 1986). But, we shall argue 
here that the clock may be good and still yield pairwise differences apparently as 
discordant as those observed in the SOD data. The concept of covarions just 
presented will be central to the argument. 

There is no simple formula to calculate how many changes have occurred 
between two sequences, based only on the number of differences, if the situation is as 
complicated as we have described above. We can, however, try to simulate the 
situation to ascertain whether we can create a model that gives differences compa
rable to those observed, which would lead us to conclude that our understanding of 
the process is reasonably good. 

The SOD sequences in Fig. 2 require that the following features be present in 
the model. The sequence has 159 codons, 21 covarions, and incorporates changes at a 
clocklike rate. The model must yield differences comparable to those observed for 
SOD sequences, for any pair of species that diverged any particular number of years 
ago. Table II gives the observed differences, for different divergence times. The only 
variables in the model that we are free to determine are: (a) the rate of change in 
replacements/unit time; (b) the number of permanently invariable codons; (c) the 
rate at which codons comprising the covarions may interchange with the other 
presently invariable codons (i.e., with the other codons, except those permanently 
invariable); and (d) the number of alternative amino acids allowed at a variable site. 

Table II shows (last column) the number of differences obtained in the model 
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using six replacements/10 million years, 42 permanently invariable codons (giving 
159 codons - 42 permanently invariable codons = 117 codons, of which 21 are 
covarions and 96 are currently invariable codons ), and a persistence (of covariability) 
of 0.01. A persistence of 0.01 means that the probability that the set of covarions will 
remain unaltered, after a replacement occurs in a lineage, is 1%. If the covarion set is 
to be altered, a single, randomly chosen covarion is switched with a single, randomly 
chosen codon, among the other currently invariable codons. The number of alterna
tive amino acids at a site was set to average 2.5. The simulated differences obtained 
under this model should approximate those observed for SOD immediately to their 
left in Table II. To the degree that one feels that these pairs of numbers match, to 

TABLE II 
Amino Acid Replacements Between SOD Sequences from Different 
Species and Paleontological Dates Used 

Sister Groups Mya Replacements 
Observed 

Simulated 
SOD 

D. nebulosa-melanogaster 55± 5 33 18 ± 2 17 ± 3 
D. hydei-melanogaster 60 ± ? 36 19 ± 3 17 ± 2 
Chymomyza-melanogaster 65 ± ? 39 23 ± 2 19 ± 3 
H. sapiens-B. taurus 70 ± 10 42 26 ± 3 20 ± 3 
Ceratitis-D. melanogaster 100 ±? 60 31 ± 2 24 ± 4 
Monocot -Dicot 125 ±? 74 29 ± 2 29 ± 3 
Angiosperm-Gymnosperm 220 ± ? 132 33 ± 4 40 ± 4 
Frog-Mammal 350 ± 1 210 48 ± 2 52± 4 
Fish-Tetrapod 400 ± 2 240 45 ± 4 55± 5 
Yeast-Neurospora ? 46 
Insect-Vertebrate 580 ± 2 348 56± 12 62 ± 5 
Fungi-Metazoan 1,000 ±? 600 67 ± 4 65 ± 6 

Mya: millions of years ago. Replacements: numbers used in the simulation, which are 
equivalent to six replacements every 10 million years. Observed SOD: average number of 
observed differences between species from the two sister groups shown. The sister group 
names, e.g., nebulosa-melanogaster, should be understood as indicating the groups to which 
these species belong and not just two particular species. Simulated: estimated number of 
amino acid differences that would be observed by using the parameters of the model. The 
plus/minus values are crude estimates of error for Mya, but are standard deviations for 
observed and simulated differences. The simulated values are, in every case, the average for 40 
simulated trials. 

that degree one can accept that the SOD values might arise from a perfect stochastic 
clock because the simulated results do arise from such a clock. 

Fig. 4 represents an alternative presentation of the same results. The filled 
circles represent the observed amino acid differences as a function of estimated 
paleontological times of divergence; they are clearly nonlinear. The open squares 
show the number of replacement differences obtained by simulation by means of the 
perfect clock. 

We have not attempted to get an optimum fit of the simulated data to the 
observed SOD data, but rather were satisfied after trying several values of each of the 
four parameters and getting a reasonable fit. This, after all, is all that is required to 
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show that the bad SOD clock might possibly be a good clock if we just make certain 
corrections that are biologically reasonable. A perfect match, one may note, is not 
really possible given that the model is monotonic (more years, more differences) 
whereas the observations are not. For example, there are fewer SOD differences at 
400 Mya than at 350 Mya, although not significantly so. Thus, we do not wish to claim 
that the precise values used of a persistence of 0.01 and 42 permanently invariable 
codons, are definitive for the fungi-plant-metazoan SOD's. 

We conclude with three broad observations. One is that the close correspon
dence between the observed and simulated differences demonstrates that pairwise 
differences that seem grossly nonclocklike may seem so because of a failure to 
account for relevant biological considerations. 

The second is that the good fit of the simulated to the observed values lends 
further support, if more is needed, of the utility of the covarion concept. 

The third is that the amount of divergence (number of replacements) estimated, 
even after the more customary corrections, may fall very short of the actual number 

The Comparison: Reality vs Simulation 
~r-----------------------------. 
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Figure 4. Comparison of observed 
SOD differences with those from a 
simulated perfect clock. The closed 
circles are observed differences in 
SOD, the open squares are simulated 
with a perfect clock (see text for clock 
parameters). The vertical bars show 
one standard deviation about the 
mean. Observed and simulated val
ues are for the same date, although 
they are horizontally offset slightly 
for clarity. 

whenever the number of covarions is small. For example, the 67 observed differences 
between metazoans and fungi becomes 89 replacements when corrected by Eq. 3. 
However, the actual number in the simulation was 600, a 6.8-fold difference. 

An update of these analyses, employing more sequences is now in press (Fitch 
and Ayala, 1994). 

Acknowledgements 
We appreciate the computational assistance of Ms. Helene Van. 

This work was supported by NIH grant GM42397 to F.J. Ayala and W.M. Fitch, 
and NSF grant DEB-9096152 to W.M. Fitch. 

References 
Ayala, F. J. 1986. On the virtues and pitfalls of the molecular evolutionary clock. Journal of 
Heredity. 77:226-235. 



12 Molecular Evolution of Physiological Processes 

Fitch, W. M. 1971. Toward defining the course of evolution: minimum change for a specific 
tree topology. Systematic Zoology. 20:406-416. 

Fitch, W. M., and F. J. Ayala. 1994. The superoxide dismutase molecular clock revisited. 
Proceedings of the National Academy of Sciences, USA. In press. 

Fitch, W. M., and E. Markowitz. 1970. An improved method for determining codon variability 
in a gene and its application to the rate of fixations of mutations in evolution. Biochemical 
Genetics. 4:579-593. 

Jukes, T. H., and C. R. Cantor. 1969. Evolution of protein molecules. In Mammalian Protein 
Metabolism. H. N. Munro, editor. Academic Press, New York. 21-132. 

Markowitz, E. 1970. Estimation and testing goodness of fit for some models of codon 
variability. Biochemical Genetics. 4:595-601. 

Wyckoff, H. W. 1968. Discussion. Brookhaven Symposia in Biology. 21:252. 



Reconstructing the History of Evolutionary 
Processes Using Maximum Likelihood 

Michael J. Sanderson 

Department of Biology, University of Nevada at Reno, 
Reno, Nevada 89557 

Introduction 
The development of quantitative methods of phylogenetic analysis has revolution
ized comparative biology (Harvey and Pagel, 1991) and provided powerful tools for 
molecular evolutionists (Felsenstein, 1982; Swofford and Olsen, 1990). Phylogenetic 
methods are aimed at estimating the branching pattern of relationships of taxa. The 
branching pattern typically reflects a historical process of speciation, gene duplica
tion, or some other mechanism of lineage splitting that generates a nested set of 
groups related by common ancestry. "Taxa" may represent organisms, species, 
genes, or sets of these entities. Additional evolutionary information, such as the time 
of the splitting events and the duration of the branches of the tree is often of interest 
as well. However, divergence of taxa, which provides the signal to phylogenetic 
algorithms, is often obscured by noise due to evolutionary processes such as 
convergence, reversal, extinction, hybridization, recombination, lineage sorting, and 
concerted evolution, to name a few. In short, despite the methodological advances of 
the last 25 years, phylogeny reconstruction is still a complex and challenging 
enterprise. 

The array of phylogenetic algorithms now readily available testifies to the 
diversity of opinion regarding the issues involved (Swofford and Olsen, 1990; for a 
compendium, see Felsenstein, 1993). Various classifications of these algorithms have 
been suggested, but for the present purpose, it suffices to distinguish between two 
kinds of algorithms: those that invoke probabilistic models of evolution and those 
that do not (or need not). The latter includes parsimony and distance methods, 
despite the latter's reliance on probability models in the calculation of the distance 
matrix. Distance methods can operate on any distance matrix, regardless of how the 
matrix is calculated and therefore, probabilistic models are not integral to the way 
they work. 

Maximum likelihood (ML) approaches to phylogenetic inference, on the other 
hand, are obligately associated with probability models of evolution (Cavalli-Sforza 
and Edwards, 1967; Felsenstein, 1983). For computational reasons they are not 
widely used, although recent improvements in algorithms promise to change this 
(Olsen, Matsuda, Hagstrom, and Overbeek, 1993). Maximum likelihood is a method 
of estimation widely used in applied statistics (Lehman, 1983). It provides a prescrip
tion for how to estimate an unknown parameter of a probability distribution, given a 
set of observations on that distribution. The prescription relies on a quantity called 
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likelihood, which is defined as follows: 

L(PID) = kProb (DIP). (1) 

The term on the left is the likelihood of the parameters, P, given the data, D, and it is 
proportional to the probability of observing the data, given the distribution, with its 
parameters (k is an arbitrary constant). Maximum likeli)tood estimation chooses that 
value of P, P, such that Eq. 1 is a maximum. Thus, Pis the maximum likelihood 
estimate, given the data. Fig. 1 illustrates the general scheme of maximum likelihood 
estimation. 

In general, maximum likelihood possesses a number of desirable properties. 
Maximum likelihood estimates are statistically consistent and efficient. That is, as 
sample size increases, they converge to the true parameter values, and they have a 
minimum error variance among all possible estimators. They are also associated with 
hypothesis tests based on the likelihood ratio, which also has desirable properties. In 
the limit of large sample size, a simple function of the likelihood ratio converges to 
the x2 distribution, providing a readily calculated significance test. 

Likelihood 
Figure 1. Illustration of maximum 
likelihood estimation. The surface is 
the likelihood function, which in this 
example depends on the data (which 
is given) and two unknown param
eters. Maximum likelihood estimates 
of the parameters occur at those pa
rameter values that correspond to the 
peak of the likelihood function. This 
likelihood function is actually the 

function used for the gene-duplication model, H 2, discussed later in the text, but the general 
principles of maximum likelihood estimation are the same regardless of the nature of the 
function. 

In small samples, ML estimates and likelihood ratio tests can be biased or have 
high average error rates. However, even in small samples, maximum likelihood has 
an appealing philosophical interpretation. Likelihood is widely regarded as a mea
sure of statistical weight of evidence. A ML estimate can always be regarded as the 
value of a parameter that corresponds to a maximization of the weight of evidence 
that a set of data confers on a hypothesis. This is true even if the estimate is biased. 
Bias is a concept that only applies to repeated trials of the estimation procedure, but 
for any one set of data, no repetition is feasible. The advocates of likelihood as a 
method of statistical inference reject the relevance of repeated sampling concepts, 
preferring the notion of weight of evidence of the data at hand (Edwards, 1972). 
Despite these statistical arguments over its ultimate justification, there is broad 
agreement about the power of likelihood methods, and it is not surprising that it was 
among the very first quantitative tools brought to bear on the issue of phylogenetic 
inference (Cavalli-Sforza and Edwards, 1967). 

Background: Maximum Likelihood in Phylogenetic Inference 

Application of maximum likelihood to phylogenetics proved to be a surprisingly 
difficult problem (see Goldman, 1990, for review). Despite the existence of an 
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essentially complete formulation of the problem for over twenty years (Edwards, 
1970; Thompson, 1975), only a subset of this complete problem has been in any sense 
solved, and even in that case the solutions are numerical rather than analytical. The 
complexity of the problem can be appreciated by considering the possibly relevant set 
of unknown parameters that must be estimated. These include: (a) a set of rate 
parameters associated with the stochastic model of character evolution (e.g., prob
abilities of amino acid or nucleotide substitution per unit time); (b) a set of distances 
between branching points in the tree; and (c) the character states in the common 
ancestor of all the taxa in the tree. A full likelihood solution might also include a set 
of rate parameters controlling branching and extinction of lineages (Edwards, 1970; 
Felsenstein, 1973; Thompson, 1975), and it might also include parameters associated 
with a model of how data are sampled by the investigator (Felsenstein, 1983). 
Recently, the uncertainties due to sequence alignment have been incorporated by 
including rate parameters for insertions and deletions in a sequence (Bishop and 
Thompson, 1986; Thorne, Kishino, and Felsenstein, 1991, 1992). 

Given n sequences (or other kinds of data), there are C0 = (2n- 3)!/ 
2"-2(n - 2)! phylogenies or cladograms (Cavalli-Sforza and Edwards, 1967; Ed
wards, 1970) and Hn = (n - 1)!n!/2"-1 possible dendrograms (sensu Page, 1991, or 
labeled histories sensu Edwards, 1970)-both large numbers whenever n is even 
moderately sized. A phylogeny is the branching diagram that indicates relative 
recency of common ancestry. A dendrogram is the set of branching relationships and 
the sequence of those branching events (see Page, 1991, for further discussion). In 
principle, the ML estimate of all the unknown parameters could be obtained 
(numerically at least) by reference to the following rather nasty likelihood equation: 

L(Xo, A, <I> lx, n) oc Prob (x, n IXo, A, <I>) 

~f ~ = £.. p(xln, s, F, Xo, A, <l>)p(n, s, FIXo, A, <I>) ds 
Hn S 

(Thompson, 1975; see Goldman, 1990, for a more elementary discussion). This 
equation requires some explanation. The data or observations consist of a matrix of 
characters (e.g., sequences) by taxa, x, and the number of terminal taxa, n. The 
unknown parameters, those quantities to be estimated via maximum likelihood, 
consist of Xo, the vector of character states of the most recent common ancestor of all 
n taxa; A, a set of branching rates (and possibly extinction rates as well) that governs 
the branching process; and <1>, a set of rates that governs character evolution, such as 
the rate of nucleotide substitution in a DNA sequence evolution model (see, e.g., 
Rodriguez, Oliver, Marin, and Medina, 1990, for discussion of various models, or 
Nei, 1987, for a more general discussion). Two other quantities in Eq. 2 are random 
variables: s is the vector of branch lengths, and F is the tree form or the phylogeny 
itself. The two terms inside the integral are probability densities. The first is the 
probability of the data matrix given all the unknown parameters and values of the two 
random variables. The second is the probability of observing a particular realization 
of the branching process given the branching rate parameters. The two probabilities 
in the second line arise from the single probability in the first line via the definition of 
conditional probability. The integral and sum are the result of considering the 
marginal probabilities involved in adding the variables F and s, which do not appear 
in the probability on the first line, but are needed to actually calculate that 
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probability under most models. The integral is over all possible branch lengths. The 
sum is over all Hn trees. The integral is difficult to evaluate and the sum extends over 
a potentially vast number of trees. These two factors contribute to the computational 
complexity of the present formulation. Moreover, the two quantities s and F are 
often the quantities of greatest interest, and yet it is clear under this formulation that 
they are not quantities that can be "estimated" in the likelihood sense, because they 
are random variables rather than parameters. 

Below it will be seen that a slightly different formulation of the problem does 
away with this issue, but for now we could proceed to at least discuss the conditional 
probabilities of the tree shape and branch lengths, given the maximum likelihood 
estimates of the parameters. Given the various rate estimates, the most probable tree 
conditional on the data is obtained by substituting the ML estimates of Xo, A, and <1>, 
into the appropriate conditional probability density obtained from Eq. 2 above 
(Edwards, 1970). However, this complete likelihood formulation has only been 
investigated for three taxa and one special model of phenotypic evolution (Thomp
son, 1975). Because of the difficult numerical integrations required, Eq. 2 is difficult 
to evaluate for one tree, much less for a large number, Hm of trees, so simplifying 
assumptions are required. 

Historically, the first and foremost simplifying assumption was the abandon
ment of the branching component in the model. Without some stochastic process 
that induces a set of prior probabilities on the branch times, s, and tree shapes, F, 
these former random variables become parameters. The parameter estimate for the 
topology is the tree that has highest likelihood among all trees (this is technically 
known as maximum relative likelihood and its merits have been debated elsewhere: 
Felsenstein and Sober, 1986; Sober, 1988). Estimation of the tree by this method is 
more straightforward than the full-blown method relying on Eq. 2 above, because no 
numerical integrations are required. Also, iterative methods that do not require 
evaluation of all possible internal branch times or the likelihood on all Hn trees 
(Thompson, 1975; Felsenstein, 1981) are available, although it is conceivable that 
they could also be brought to bear on the more difficult problem of solving Eq. 2. 
Such heuristic methods are not guaranteed to find the best tree under all conditions, 
but if the data are sufficiently clean they may provide rough estimates. Even with all 
these simplifications, however, ML phylogenetic inference is still computationally 
intense owing to the necessity of simultaneously estimating all the branch times (or in 
practice the branch lengths, see Felsenstein, 1983), which relies on the invocation of 
a multivariate numerical optimization algorithm for each tree examined. This is not 
necessary for parsimony searches because the calculation of branch lengths is neatly 
decomposed into contributions from each character and efficient algorithms for 
reconstructing parsimonious evolutionary histories of single characters exist (re
viewed in Swofford and Maddison, 1987). 

Other, noncomputational, issues can also pose problems. With sufficiently 
complicated models of character evolution, the desirable properties of maximum 
likelihood may no longer hold. For example, if rates are allowed to vary among 
branches and sites in a DNA sequence in an unconstrained way, there is simply not 
enough information to estimate all the unknown parameters, and the model is no 
longer guaranteed to be statistically consistent. Models that are too simple, on the 
other hand, may not provide an adequate goodness of fit to the data. For example, 
Goldman (1993) found that a molecular clock with equiprobable substitution rates 
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between all nucleotides provided a very poor fit to data on primate 'P'Tl-globin 
pseudogenes. He also rejected even more complicated models that permitted 
different rates among branches for small subunit RNA genes in a phylogenetic 
analysis of basal relationships among known life forms. Various recent studies are 
slowly increasing model complexity by adding variation among sites, the possibility of 
invariant characters, and ambiguities due to alignment problems (Navidi, Churchill, 
and von Haeseler, 1991; Thorne et al., 1992). However, if the ultimate goal of a 
phylogenetic analysis is to address fairly complex evolutionary processes, such as 
rates of duplication in a multigene family (see below), a complete likelihood 
treatment would demand the addition of those potentially complex elements of the 
stochastic formulation on top of the already complex problem of reconstructing 
phylogenies. 

While it is true that many of these problems can and will be solved eventually, it 
is also true that interesting evolutionary problems abound now, and interim solutions 
are both feasible and available. In particular, it is practical to use likelihood methods 
jointly with nonlikelihood phylogenetic algorithms in a kind of hybrid analysis of 
evolutionary processes. 

Argument for a Hybrid Approach to Phylogenetic Studies of Evolution 

Despite the raucous philosophical debates that have frequently occluded the agenda 
of phylogenetic biology, pragmatism has basically held the day. Discovery of the 
computational complexity of likelihood methods provided an impetus for the adop
tion of heuristic methods such as distance and parsimony (although these were also 
advocated on their own merits). However, the desirable properties of likelihood also 
provided a strong impetus to use it in molecular evolutionary studies, usually in 
combination with heuristic tree estimation algorithms. Thus, a kind of hybrid 
approach was born. One of its first incarnations was in the critical problem of rates of 
molecular evolution in relation to the molecular clock (Langley and Fitch, 1974). 
That study relied on a parsimony algorithm to reconstruct the tree and the number of 
substitutions per branch, and then maximum likelihood to estimate times of branch
ing events and rates of evolution. A x2 test of goodness of fit of the observed to 
expected branch lengths permitted a test of the single-rate molecular clock model. 

More recently, studies of a host of comparative evolutionary problems have 
been undertaken in the context of phylogenies generated by parsimony or other 
methods (Harvey and Pagel, 1991; Brooks and McClennan, 1991). Some of these 
have invoked maximum likelihood after the fact to address particular issues, includ
ing rates of branching (Hey, 1992; Sanderson and Bharathan, 1993; Nee, Mooers, 
and Harvey, 1992), character correlation (Harvey and Pagel, 1991), and character 
irreversibility (Sanderson, 1993). 

The advantages of an approach that uses maximum likelihood inference on top 
of a previously derived phylogenetic tree include improved tractability. Moreover, it 
is possible to take advantage of mature software and volumes of published experi
ence with heuristic algorithms, neither of which is likely to be matched by maximum 
likelihood algorithms for quite some time. Available ML programs (Felsenstein, 
1993; Olsen et al., 1993) are neither as efficient nor as flexible and conducive to data 
exploration as current parsimony programs, for example (recently reviewed in 
Sanderson, 1990). The cumulative experience of users of parsimony methods is also 
orders of magnitude greater, which has meant that fundamental results have 
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emerged regarding the properties of parsimony analyses that would not otherwise 
have been discovered. The existence and significance of multiple "islands" of equally 
parsimonious trees is a recent conspicuous example (Maddison, 1991). 

On the down side, separating the inference problem into two components, one 
involving reconstruction of a phylogenetic tree, and one involving reconstruction of 
some other evolutionary pattern (rates, biases, correlations, constraints, et cetera) 
can adversely affect the power of the methods and presumably the accuracy of 
assessments of confidence (see also Maddison and Maddison, 1992, 65-66). Firm 
conclusions about this issue remain elusive because most hybrid investigations have 
either not considered the issue of power, error, and confidence at all, or have focused 
only on the error component associated with the second stage, ignoring the inevitable 
errors arising from inaccurate phylogenetic reconstruction. Numerical approaches to 
confidence estimation could be employed rather directly but have not been. For 
example, bootstrap estimates (Felsenstein, 1985) of sampling variance affecting the 
underlying phylogeny could be added in as an error term into the evolutionary model 
used in the second phase of analysis. This could readily be accomplished just by 
repeating the likelihood analysis on a sample of trees drawn from the bootstrap
resampled trees. The range of estimates that result would serve then as a robust 
indication of the phylogenetic component of error, and worst-case values oflikelihood
based tests (i.e., those that are worst on some bootstrap tree) would serve as better 
estimates of true error of inference. 

An Example: Rates of Gene Duplication 
Here I present a worked example of the application of this hybrid approach to 
reconstruction of rates of diversification in multigene families. Maximum likelihood 
will be used to estimate parameters of a stochastic branching process model of gene 
duplication, using data that includes a given phylogeny derived presumably by 
nonlikelihood methods, and given reconstructions of the phylogenetic history of the 
duplication events, also probably obtained by other methods such as parsimony. It 
should be apparent that the actual data in this and similar examples consists only of 
observations on sequences (or other trait data) in taxa. It is a fiction to regard the 
tree reconstructed from these data and the ancestral states as actual observations, 
but a useful fiction that forms the basis of the hybrid approach. 

Multigene families are conspicuous and ubiquitous components of eukaryotic 
genomes (Singer and Berg, 1991). They originate via a process of gene duplication, 
differentiate as a result of evolutionary forces of selection and drift, or they may 
converge or stay homogeneous via recombinational mechanisms involved in con
certed evolution (Ohta, 1988, 1990). Individual gene copies may also go extinct if 
they become inactivated as pseudogenes. In many ways the differentiation of a gene 
family is analogous to the differentiation of a group of species, and presumably it can 
be modeled in analogous ways (Walsh, 1987). Splitting of lineages has been modeled 
by simple stochastic processes such as a Yule (1924) or pure birth model (Yule, 1924; 
Raup, 1985; Sanderson and Bharathan, 1993), or a Galton-Watson branching model 
(Gilinsky and Good, 1991; Guttorp, 1991). The Yule model is adopted in the 
following because a continuous-time model seems more natural than the discrete
time Galton-Watson model. 

The Yule model is also a good choice for a model of splitting because it 
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postulates that splitting times obey a Poisson process. Poisson processes are often 
appropriate because (a) empirically, they provide excellent fits to many kinds of data 
(Feller, 1968) and, (b) more fundamentally, Poisson processes can be derived from a 
bare minimum of assumptions-specifically, a constant probability of splitting in any 
interval, and independence of those intervals. It is difficult to imagine a one
parameter model on the open interval [0, oo) that could be any simpler than the 
Poisson. Postulating a Yule model therefore does not make reconstructing branching 
rates an overly theory-laden procedure. 

To avoid some tedious but tractable mathematical complications, it will also be 
assumed that the approximate times of the duplication events are known. For some 
well-studied gene families in which the phylogeny is known with some confidence and 
a fairly rich fossil record is also available, reasonable constraints on the duplication 
times are available, although concerted evolution may confound estimation of actual 
duplication times (Goodman, Czelusniak, Moore, Romero-Herrera, and Matsuda, 

gene 
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Figure 2. Phylogeny of a hypothetical 
multigene family with four species 
(A-D}, an outgroup species (OG), 
and three genes (1, 2, 3). The out
group has a single gene in the gene 
family; species B, C, and D have two 
genes, and species A has three genes, 
entailing two duplication events. Ex
amples ofthe three kinds of branches 
discussed in the text are indicated by 
lower case letters: (a) branches end
ing in a terminal taxon, (b) branches 
ending in a duplication event, and (c) 
branches that end in a speciation 
event. Distinguishing among these 
classes of branches is necessary for 
derivation of the likelihood function 
for gene duplication. 

1979). Elsewhere, methods that do not rely on this information have been discussed 
(Sanderson and Bharathan, 1993; Sanderson and Donoghue, submitted for publica
tion). These calculate integrated likelihoods using the predicted times of splitting 
based on the Yule model itself, constrained but not fixed by evidence about the time 
of occurrence of fossil taxa at the tips of the tree (Novacek and Norell, 1982). This 
more careful method is preferable but does not add anything to the present 
discussion. 

The data for the present problem consist of a tree, F, a set of times of branching, 
th associated with node i, branch lengths, dh derived from di = ti - tancestor(i)• and the 
inferred number of duplications, j, on the tree. One complication is that branching 
arises both from speciation and from gene duplication (Fig. 2). The only times 
relevant to reconstructing duplication rates are the times between duplication 
events. This can be demonstrated by the following argument. There are three kinds 
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of branches on a phylogeny of a multigene family (Fig. 2): branches that end in a 
terminal taxon, branches that end in a duplication event, and branches that end in a 
speciation event. Under a Poisson model the probability of observing a branch 
ending in a duplication is A exp (-Ad); the probability of observing a branch ending 
in a terminal taxon is exp (-Ad), which can be obtained by integrating the first 
expression from d to infinity (i.e., we have no way of knowing when after the present 
the next duplication event will occur). Finally, the probability of observing an 
internal branch that ends in a speciation event but not a duplication event is 
exp (-Ad), because with respect to the duplication process this case is the same as if 
the speciation event were a terminal tip. The overall likelihood is then obtained by 
multiplying these contributions for each branch, which is warranted by virtue of the 
stochastic independence of different branches in a Yule model. The likelihood 
reduces to 

L = Ai exp (-AD) (3) 

where D is the sum of all branch lengths, Idi. The maximum likelihood estimate of 
rate is obtained by solving 

which leads to 

d . 
- [AJ exp (-AD)]= 0 
dA 

A= j/D. 

(4) 

(5) 

This matches the intuition that the rate of duplication should be proportional to the 
number of duplications, and inversely proportional to the path length over which 
those duplications could have occurred. 

Generally it is desirable not merely to make estimates but also to test hypotheses 
about those estimates. A natural hypothesis to test for this kind of branching rate 
model is a contrast between the simplest one-rate model and a slightly more 
complicated two-rate model in which one part of the tree has one rate and the rest of 
the tree is allowed to have a different rate. In a sense this hypothesis tests the 
goodness of fit of the one-parameter model to the data. Rejection of the one rate 
model then might lead the investigator to seek explanations for the differences in 
rate entailed by the two rate-model. The one-rate model will be termed H 1 and the 
two-rate model H 2• Maximum likelihood methods are associated with a natural test 
known as the likelihood ratio, which is the ratio of the likelihoods for the two 
hypotheses, evaluated at their respective (usually different) maximum likelihood 
points. Thus, 

max {L[H 1(~)]} 
LR = A A 

max {L[H2(At> A2)]} 

(6) 

The maximum likelihood of H 2 will generally be greater than that of H 1 (because it is 
easier to fit a more complicated model to any data set), and hence the LR will vary 
between zero and one. If LR is sufficiently small one can be confident in the statistical 
sense that H 1 should be rejected in favor of H 2• The confidence level can be assessed 
by a variety of means. In the limit of large samples, for example, G = -2 In (LR) 
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tends to a x2 distribution with one degree of freedom (in this case). Thus, if G > 
x2(0.05), model H 1 can be rejected with a probability of type I error of 0.05. For 
smaller sample sizes, Monte Carlo simulation provides a more accurate assessment 
ofthe properties ofthe likelihood ratio test (Goldman, 1993). 

For the present model the likelihood ratio of Eq. 6 reduces to a simplified form. 
For the one rate model, the ML estimated rate is just j I D, and the likelihood at that 
point is (from Eq. 3) (j!D)i exp ( -j). If the tree is subdivided into two parts, withh 
and h duplications and length totals of D1 and D2 respectively, then the one rate 
model is clearly maximized at A = (h + h)/(D1 + D2), and the corresponding 
likelihood is just [(h + h)/(D1 + D2)]it+iz exp [ -(h +h)]. The maximum value of 
the likelihood function for the two-rate model is obtained by noting that the overall 
likelihood equation will be just the product of two terms like Eq. 3 for each subtree: 
L = A~1 exp (-A1D1) A~ exp (-A2D 2), which is maximized at (~ h~ 2) = (h/ Dd2/ Dz). 
The likelihood ratio of Eq. 6 is then 

( 
h + jz )it+iz 

Dt +Dz 

An Application to Globin Gene Evolution 

(7) 

Sample size is likely to be a problem in small gene families, but many gene families 
are large, diverse, and some are even imbedded in superfamilies, as in the globins 
and immunoglobulins. Discovery of differences in rates of duplication in a phylogeny 
of some gene family might bear on hypotheses of structural, functional, or other 
evolutionary constraints. Nei (1987, 134), for example, speculated that the number of 
genes in the a-globin gene cluster of vertebrates is evolutionarily more canalized 
(and hence its rate of duplication restricted) in comparison to the ~-8 globin cluster 
and other globins. 

The globin family is one of the best studied both from the perspective of its 
molecular biology and evolutionary history (Hardison, 1991). Phylogenetic analysis 
using a diverse set of algorithms generally agree on the basic outline of the history of 
the family, and approximate dates of duplications events can be inferred (caveat 
emptor; see Gillespie, 1991) from the rich vertebrate fossil record and from molecu
lar clocks. Cursory examination of the number of duplications in various parts of the 
globin phylogeny (Fig. 3) suggests that rates of duplication have been highest in the 
~-globin lineage of higher vertebrates, relative to either the a-globins or the globins 
found in lower vertebrates such as agnathans Gawless fishes). 

This crude numerical perception is lent credence by a more detailed likelihood 
analysis along the lines suggested above. Two separate sets of hypotheses associated 
with different hierarchical levels in the gene phylogeny were tested. In each, the null 
hypothesis was that the rate of duplication was the same throughout the phylogeny; 
the alternative hypothesis was that the rates differed in each of the sister groups 
descended from the most recent common ancestor of the group. The first test 
focused on node A in Fig. 3, which is the group of genes descended from the 
duplication that lead to the a-~ globin clade. The second test backed off to node B 
and contrasted the agnathan globins to the other vertebrate globins. Maximum 
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Figure 3. Phylogeny of major components of the vertebrate globin multigene family (after 
Hardison, 1991). Branch lengths in this figure are not colinear with time; for exact branch 
lengths, see Hardison (1991). Nodes labeled A andB denote the position in the phylogeny that 
divides the tree into subtrees for the two hypotheses discussed in the text and Table I. 

likelihood estimates were obtained according to Eq. 5 and the likelihood ratios for 
the null versus alternative hypotheses were calculated using Eq. 7. Results (Table I) 
indicate that it is impossible to reject the single rate model in either case (possibly 
due to limited sample size), but that of the two contrasts, the contrast between the a 
and 13 globins is closer to significance than is the contrast between the agnathan and 
gnathastome (jawed fishes and tetrapod vertebrates) globins. This provides weak 
support for Nei's (1987: see above) ideas that quantitatively different duplication 
rates are acting in the a- versus 13-globins. 
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Conclusions 
This example serves to illustrate the dilemma confronted by an investigator inter
ested in a particular evolutionary pattern or process, such as the evolution of a 
multigene family. The phylogenetic history of a gene family obviously bears on 
inferences that can be made about evolutionary processes such as duplication, gene 
conversion, et cetera. At the same time, those processes are likely to affect any kind 
of inference procedure used to reconstruct the phylogeny itself (Sanderson and 
Doyle, 1992). A full-blown likelihood assault on the problem would require (a) a 
model of gene duplication and extinction, (b) a model of sequence evolution, 
including (c) a model of recombination (concerted evolution), (d) a model of 
insertion/deletion to permit alignment estimation, and possibly (e) a model of 
speciation and extinction. Currently available likelihood methods incorporate only 
one or (very recently) two of these elements, and they are computationally difficult as 
is. Needless to say the results obtained by the hybrid analysis performed in this paper 
would be impossible to obtain with currently available maximum likelihood tech-
niques. 

TABLE I 
Likelihood Ratio Tests of One-Versus Two-Parameter Gene Duplication 
Models for Phylogenetic Contrasts in Vertebrate Globin Gene Family 

Node/ 
contrast 

A 
B 

1, 5 
1,8 

1,775, 2,075 
950,4,375 

See Fig. 3 for node/contrasts. 

1.56, 0.56, 2.40 
1.69, 1.05, 1.82 

LR 

0.31 
0.86 

2.32 
0.31 

~I 

0.13 
0.52 

*In units of millions of years, estimated on the basis of approximate dates of duplication events 
(Hardison, 1991). 
*x lQ-3/million years. 
§G = -21n (LR). 
IISignificance levels calculated based on assumed convergence of G to x2 with one d.f. 

That an answer (of uncertain reliability) can be obtained by some method is not 
by itself a strong argument in favor of that method. But additional arguments for a 
hybrid approach can be made. The primary one is that nonlikelihood methods, 
especially parsimony, appear to provide a reasonable reconstruction of evolutionary 
history. Parsimony is the most widely used phylogenetic algorithm (Sanderson et al., 
1993), and its accuracy is supported by a growing body of simulation evidence that 
suggests that it does as well as or better than other nonlikelihood methods, and 
significantly better than some nonlikelihood methods. Maximum likelihood can out 
perform parsimony, because conditions under which parsimony will fail but likeli
hood will succeed are well-known (Felsenstein, 1978)-but only if the maximum 
likelihood model is correct. There are always conditions under which maximum 
likelihood will fail to find the right tree (or fail to be consistent) given deviations from 
the assumed model (J. Kim, personal communication). Thus, for workers interested 
in studying interesting evolutionary processes now, a not unreasonable compromise 
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is to begin with a phylogeny derived by parsimony and overlay it later with maximum 
likelihood (or other statistical) methods. 
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Introns, the Broken Transposons 
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The origin of spliceosomal introns is a classic molecular evolutionary puzzle that still 
inspires debate 16 years after their first discovery in eukaryotic genes, debate which 
still centers on the initial polarization into two general theories on intron origins. The 
"introns-early" theory arose by combining Gilbert's ideas about how the exon/intron 
organization of eukaryotic genes could speed evolution by the process of "exon
shuffiing" (Gilbert, 1978) with Darnell's and Doolittle's (1986) assertions that 
introns were relics of the assembly of genes in a primitive ancestor of all living cells. 
According to this theory, modern prokaryotes lost their introns through genomic 
streamlining, while eukaryotes retained the primitive introneousness of their genes. 
By contrast, proponents of the "introns-late" models argued that most introns are 
likely the husks of mobile genetic elements that had the special property of splicing 
out of genes on the RNA-level. Genes were split, the argument goes, by these mobile 
introns relatively recently after the origin of the eukaryotic nucleus and therefore 
had nothing to do with the origin of genes. 

Our position is that current data best support a view where introns were inserted 
into pre-existing full-length genes. In this paper we will briefly discuss the data which 
has led us to reject the introns-early theory in favor of insertional models. However, 
there are many reviews which give a more complete treatment of the data relevant to 
this issue (Rogers, 1990; Palmer and Logsdon, 1991; Patthy, 1991). We instead wish 
to concentrate on elaborating new ideas with testable implications regarding the 
origin and spread of spliceosomal introns, so that experiments can be done to 
illuminate the remaining dark corners of intron evolution. 

What Kinds of Introns Are Relevant to the Debate? 

Since the first proposals of the theories explaining intron origins much has been 
learned about the diversity of intron splicing mechanisms and the genomes that 
introns inhabit. It is now clear that there are many different intron types, distinguish
able by splicing mechanisms and phylogenetic distribution (reviewed in Lambowitz 
and Belfort, 1993): 

Of these types, only two are relevant to the original theories: group II self
splicing introns (and their degenerate group III form) commonly found in eukaryotic 
organellar genomes, and spliceosomal introns which are abundant in nuclear genes 
and are spliced by a multimolecular RNA/protein complex called the spliceosome. 
These demonstrate similarity in structure and splicing mechanism of the sort which 
would suggest convincingly that they shared a common ancestor (Jacquier, 1990; 
Weiner, 1993; Lambowitz and Belfort, 1993; and Lamond, 1993). Thus, the general 
term "intron" probably does not refer to any evolutionarily coherent group of 
elements, perhaps only to a molecular niche. We feel that attempts to derive unitary 
scenarios to explain the origin and evolution of all introns are, therefore, misguided. 

Molecular Evolution of Physiological Processes © 1994 by The Rockefeller University Press 
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Introns Early: A Theory in Search of Evidence 
Introns-early, a theory which addresses spliceosomal introns specifically, holds that 
they are evolutionary leftovers of the processes that produced the first full-length 
protein coding genes by "exon-shuffling." Proponents of this theory rely on evidence 
falling into two general categories: (a) Exon/exon boundaries of ancient genes found 
in eukaryotes are thus claimed to delineate units of protein structure and/ or function 
as a result of their assembly by exon-shuffling (Blake, 1983); and (b) the conservation 
of intron positions between phylogenetically distant organisms indicates that they 
were ancestrally present in the gene (Gilbert, Marchionni, and McKnight, 1986). 

Of these two claims, the first has never been supported convincingly and the 
second, in the light of recent data, increasingly argues for a late rather than an early 
origin of spliceosomal introns. 

Exon-shuffling, Intron-positions, and Protein Structure 

As a mode of gene evolution, exon-shuffling has been confirmed for many genes 
encoding extracellular proteins in vertebrates (Patthy, 1991 ). The origins of these 
genes, however, occurred relatively recently in evolution, perhaps just before the 
evolution of the chordate phylum 500 million years ago. The central claim of 
introns-early is not that such shuffling has occurred sometime in evolution, but that it 
was the dominant mode of evolution of the first protein-coding genes before the 
divergence of all extant cellular life. To prove such a claim, therefore, one must show 
that some of the genes common to all living organisms are chimaeric and that their 
recombinant junctions correspond to known intron positions. Examples of ancient 
exon-shuffiing have been suggested for proteins such as alcohol dehydrogenase 
(ADH), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), lactate dehydroge
nase (LDH), pyruvate kinase (PK) (Duester, Jornvall, and Hatfield, 1986) and triose 
isomerase (TPI) (Gilbert et al., 1986). However, as Patthy (1987) points out, such 
proposals seem dubious as these proteins do not show the hallmarks of exon
shuffiing discerned from known recent vertebrate examples. For instance, one would 
expect that exon-shuffiing would produce genes sharing homologous exons bounded 
by introns of the same phase; a pattern not observed in these genes. In addition, the 
second claim of correlation between exon/exon junctions and protein structural 
boundaries has been suggested qualitatively in all of these cases. An analysis carried 
out in our lab (A. Stoltzfus, personal communication) testing this correlation in some 
ancient genes (e.g., TPI, globins, PK, and ADH) found that random intron place
ment cannot be statistically excluded. To further compromise the case for early exon 
shuffling, an attempt by Gilbert's group intended to estimate the size of the 
underlying "exon universe" (Dorit, Schoenbach, and Gilbert, 1990) failed to detect 
any examples of shared exons between ancient genes. 

Until protein-structure/exon structure correlations are rigourously established 
for ancient genes and a single case of bona fide ancient exon-shuffiing is identified, 
the first claim of introns-early is without any empirical evidence. 

The Phylogenetic Distribution of Spliceosomal Introns within 
Eukaryotic Genes 

Several arguments have been made that ancient intron positions shared between 
genes found in eukaryotic groups as diverse as plants, animals and fungi (Gilbert et 
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al., 1986) are evidence for an early origin of introns. However, these examples can be 
as easily interpreted as inherited insertions of introns which occurred before the 
plant, animal, and fungal divergence, a relatively recent event. A better test makes 
use of the fact that the protists are a multiply paraphyletic group from which 
multicellular eukaryotes evolved (Fig. 1 and Cavalier-Smith, 1993), allowing us to 
repeatedly test how parsimonious an early origin for introns is. In globins, for 
example, two intron positions are shared between plants and animals out of a total11 
known, but neither is found in the only known protist homolog, possessed by 
Paramecium (Stoltzfus and Doolittle, 1993). Similarly, in the case of TPI, out of 14 
known intron positions, only five are shared between plants and animals and none of 
these are found in this gene from representatives of three of the early diverging 

Spliceosomal snRNAs 
Introns 

1--------Naegleria + + 

Trypanosomes ? + 

Euglenoids ? + 

.------Slime moulds + + 

1-----Entamoeba + + 

Apicomplexans + + 

r--;--Ciliates + + 

Dinoflagellates + + 

1----Plants + + 

Animals + + 

Fungi + + 

Figure 1. Our current knowl
edge of the phylogenetic distri
bution of spliceosomal introns 
and snRNAs within eukary
otes. This provisional phyloge
netic tree is based on a synthe
sis of small-subunit rRNA trees 
with ultrastructural data (Leipe 
eta!., 1993; and Cavalier-Smith, 
1993) and is rooted with archae
bacterial and eubacterial out
groups. In many cases, pub
lished tree topologies conflict. 
We have, in these cases, either 
made a decision on what is the 
most likely phylogeny of the 
organisms or collapsed the 
equivocal node. The finding of 
at least one spliceosomal in
tron or snRNA in a taxon is 
indicated by a "+" and, con
versely, the lack of either, based 
on current data, is indicated by 
a question mark. 

protist lineages, Giardia Iamblia (M. Mowatt, Weinbach, Howard, and Nash, 1994), 
Trichomonas vagina/is and Entamoeba hystolytica (A. Roger, unpublished data). 

These and other examples (see Dibb and Newman, 1989; Palmer and Logsdon, 
1991; and Kwiatowski, Skareky, and Ayala, 1992) clearly indicate that the small 
number of intron positions that are conserved between kingdoms of eukaryotes are 
phylogenetically restricted to plants, fungi and animals. Furthermore, the majority of 
intron positions appear unique to lineages within these kingdoms. To reconcile this 
with introns-early, one must postulate vast numbers of parallel events of intron loss 
from a hypothetical intron-riddled ancestral gene. Instead, we suggest a more 
parsimonious interpretation of the data; that the current intron distribution reflects 
processes of independent intron gain and loss that have operated within these 
lineages during the course of eukaryote evolution (Palmer and Logsdon, 1991). 
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Spliceosomal Intron Positions Conserved Between Prokaryotic and 
Eukaryotic Genes 

Recently, several instances of introns that are shared between nuclearly encoded 
cytoplasmic targetted genes and organellar homologs of eubacterial origin have been 
suggested (Shih, Heinrich, and Goodman, 1988, Iwabe, Kuma, Kishino, Hasegawa, 
and Miyata, 1990, and Juretic, Mattes, Ziak, Christen, and Jaussi, 1990). Although in 
some of these cases the introns are not actually in identical places (Palmer and 
Logsdon, 1991), other examples are more convincing (Kersanach, Brinkman, Liaud, 
Zhang, Martin, and Cerff, 1994). Such instances have been interpreted, in support of 
introns-early, as evidence that the common ancestor of the eubacterial endosymbiont 
and the nuclear genome had these introns. However, if one accepts that prokaryotic 
genomes presently lack introns due to streamlining selection, then the assertion that 
these intron positions are ancestral is very unparsimonious. Previous "streamlining" 
theories have had to invoke the global loss of introns twice; once in the ancestor of all 
eubacteria and a second time in the lineage leading to archaebacteria (Doolittle, 
1991). To account for the presence of shared intron positions between the nuclear 
and organellar genes, one must posit that introns have been independently lost in 
archaebacteria as well as nine major eubacterial groups (Woese, 1987). Moreover, 
they must have been maintained in the cyanobacterial and purple bacterial lineages 
for half of the history of life, only to be cataclysmically lost after the origin of 
organelle-bearing eukaryotes (Palmer and Logsdon, 1991). 

The alternative, that introns have been inserted into the same positions in these 
homologs independently, is quite reasonable if one assumes that introns insert into 
sites with a specific target sequence. If sites compatible for insertion (for instance the 
"proto-splice sites" of Dibb and Newman, 1989) are limited to a small fraction of all 
possible insertion sites in a gene, then, provided that the gene is highly enough 
conserved in sequence, multiple events of intron insertion at any particular site are 
expected. 

Insertional Models of Spliceosomal Intron Origin 
While the accumulating evidence on intron distribution may argue against the 
primitive presence of spliceosomal introns, it remains necessary to develop models 
that provide a plausible mechanism for the spread of introns in the eukaryotic 
genome. These must address both the means by which introns are gained and lost, as 
well as how the splicing machinery evolved in the first place. 

Spliceosomes May Have Evolved from Retroposing Group II Introns 

The initial characterization of self-splicing group II introns revealed that they shared 
similar splice-sites and branchpoint sequences as well as a lariat splicing mechanism 
with spliceosomal introns, hinting at a possible relationship between the two types. 
While these features are somewhat superficial, better support for their homology has 
been provided by recently discovered structural similarities between the intermolecu
lar secondary structure formed by small nuclear RNAs in the spliceosome and the 
intramolecular elements of group II introns (Jacquier, 1990; Newman and Norman, 
1992; Madhani and Guthrie, 1992; Lamond, 1993; and Weiner, 1993). The idea that 
these self-splicing introns gave rise to spliceosomal introns by fragmentation (Hickey 
et a!., 1989) rests partly on the intuitive appeal of a transition from the relatively 
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simple unimolecular self-splicing introns to a complex multimolecular RNA/protein 
spliceosome. Better evidence is provided by the observation that group II introns can 
be fragmented into pieces in vitro without losing their spliceability (Suchy and 
Schmelzer, 1991) and by the precedent of such intron fragmentation having occurred 
in several independent organelle lineages (Bonen, 1993). 

In addition, the finding that many group II introns contain reverse transcriptase
like open reading frames (Michel and Lang, 1985) together with the subsequent 
demonstration of reverse splicing in vitro (Augustin, Mueller, and Schweyen, 1990) 
provided preliminary evidence that they may be mobile elements. These suggested a 
mechanism of spreading to new genes by reverse splicing into heterologous RNAs, 
reverse transcription and recombination of the complementary DNA with the 
intronless, genomic copy. The case for group II intron mobility now seems sewn up by 
two reports of their actual transposition into new sites in the mitochondrial genomes 
of Saccharomyces (Mueller, Allmaier, Eskes, and Schweyen, 1993) and Podospora 
(Sellem, Lecellier, and Belcour, 1993) where both events appear to have occurred on 
the RNA level. A retrotransposition model for group II introns is further supported 
by the finding that one of the intron-encoded ORFs in the yeast coxl gene is an 
intron- and exon-specific reverse transcriptase (Kennel, Moran, Perlman, Butow, 
and Lambowitz, 1993). 

When Did Spliceosomal Introns Evolve from Group II Introns? 

In 1991, Cavalier-Smith (1991) proposed that spliceosomal introns evolved from 
group II introns which first entered eukaryotes in the a-purple bacterial endosymbi
ont which gave rise to the mitochondrion. Group II introns, he argued, invaded 
nuclear protein coding genes by retrotransposition, and then one subsequently 
fragmented, producing the genes for small nuclear RNAs which could splice all of 
the group II introns present in the nuclear genome in trans, thereby making 
autocatalysis redundant. 

This theory, henceforth referred to as the mitochondrial origin theory, predicts 
that spliceosomes and the introns they splice will not be found in prokaryotes or the 
earliest diverging eukaryotic lineages, the Archezoa, which are thought to lack 
mitochondria primitively (Cavalier-Smith, 1991). We suggest two alternatives to this 
theory: a nuclear origin theory where group II introns were converted into the 
spliceosome during the evolution of the nucleus and a prokaryotic origin theory 
where group II introns fragmented to form the spliceosome before the origin of the 
nucleus in its prokaryotic ancestors (Fig. 2). To decide between these alternatives, 
the phylogenetic distribution of group II and spliceosomal introns must be consid
ered. 

The Phylogenetic Distribution of Group II and Spliceosomal lntrons 

Until recently, group II introns had only been found in mitochondrial genomes of 
fungi, and the mitochondrial and chloroplast genomes of various algal groups and 
land plants. However, a survey using PCR has identified group II introns in a 
cyanobacterium and a ')'-purple bacterium, representatives of eubacterial groups 
which gave rise to plastids and mitochondria respectively (Ferat and Michel, 1993). 
This seems, at first glance, strong evidence for Cavalier-Smith's (1991) hypothesis. 
However, the true diversity of organisms possessing group II introns is unknown as 
this PCR search was restricted to only species within the eubacterial groups which 
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gave rise to organelles. A comprehensive survey for these introns in diverse groups of 
eubacteria, archaebacteria and early eukaryotes is necessary to pin down the 
phylogenetic distribution of this intron type. If group II introns are found in both 
prokaryotic groups (the Eubacteria and the Archaebacteria), then such introns may 
have been ancestral to eukaryotic nucleii. 

Fig. 1 shows a hypothetical phylogeny of eukaryotes with the presence and 
absence of spliceosomal introns highlighted. In support of Cavalier-Smith's (1991) 
contention, it can be seen that no spliceosomal introns have yet been identified in the 

Archae bacteria 

Archaebacteria 

Archae bacteria 

Figure 2. Schematic diagram 
outlining three possible sce
narios of intron evolution. A 
unrooted tree of major extant 
cellular lineages is shown with 
the presence of group II in
trons (hatched lines) and spli
ceosomal introns (heavy lines) 
indicated. (a) The organelle ori
gin of introns; here group II 
introns from the mitochondrial 
endosymbiont spread to the 
nucleus and degenerate into 
spliceosomal introns. (b) In the 
nuclear origin, group II introns 
are inherited by the nucleus 
and degenerate into spliceo
somal introns. (c) This prokary
otic origin model has the degen
eration of group II introns in a 
prokaryote before the diver
gance of the eukaryotes. It im
plies the coexistance of group 
II and spliceosomal introns in 
prokaryotes (heavy hatched 
lines). 

earliest amitochondrial eukaryotic lineages. The lack of introns found in the Arche
zoa comes almost exclusively from only a dozen or so genes sequenced in Giardia. 
Clearly more data from this and other archezoans are needed. Recent work in our 
lab suggests that one such organism, the microsporidian Nosema locustae, where no 
introns have been discovered, appears to possess the highly conserved gene encoding 
the spliceosomal U6 small nuclear RNA (A. Roger, unpublished data). If microspo
ridia are truly primitively amitochondrial (a point over which reasonable people 
could disagree), then these data suggest that at least some of the spliceosomal 
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machinery evolved before the endosymbiotic origin of mitochondria in contrast to 
Cavalier-Smith's theory and in favour of a nuclear or prokaryotic origin of the 
spliceosome. Unfortunately, this kind of analysis depends critically on our confi
dence in the phylogeny of the organisms in question, and at best can only exclude the 
organellar origin of spliceosomal introns; to understand where the transition be
tween group II and spliceosomal introns took place it is necessary to also consider 
prokaryotes. 

A Prokaryotic Origin for the Spliceosome? 
Because spliceosomal splicing is notoriously slow compared with self-splicing, it is 
often suggested that transcriptional/translational coupling in prokaryotes would 
prevent the origin of spliceosomal splicing; the frequent translation of unspliced 
messages would be too heavy a selective burden (Cavalier-Smith, 1991; and Doolittle, 
1991). The origin of the nucleus, however, would have freed self-splicing group II 
introns from this selection and allowed them to fragment and spread. Such an 
argument favors, a priori, a nuclear origin over a prokaryotic origin for spliceosomes. 
However, the presence of group II introns in the eubacteria raises the possibility that 
they were also present in the common ancestor of prokaryotes and eukaryotes. The 
fragmentation of one of these introns to form a spliceosome may therefore have 
occurred before the origin of the nucleus. The discovery in Mycoplasma capricolum of 
an abundant small RNA species which is >50% identical to most U6 snRNA genes 
in eukaryotes (Ushida and Muto, 1993) may be evidence for bacterial spliceosomes. 
If other eubacteria as well as archaebacteria turn out to possess this RNA, and it is 
found to be involved in splicing, then the origin of at least some parts of the 
spliceosome may harken back to the common ancestor of all living cells. Why such 
introns would fail to spread through bacterial genomes is not certain, but may be 
limited by transcriptional/translational coupling. More plausibly, the Mycoplasma 
U6-like RNA could be the result of an independent fragmentation of a group II 
intron in this lineage, quite separate from the origin of the spliceosome in eukary
otes. The fact that this RNA is more similar to U6 snRNAs than any characterized 
group II intron sequence may therefore betray the existance of an undetected family 
of group II introns which share sequence similarity to both the Mycoplasma U6-like 
RNA and the eukaryotic spliceosomal snRNAs, and are ancestral to both. 

However, such speculation is premature until more data about the phylogenetic 
distribution of snRNAs, spliceosomal introns and group II introns within the 
Archezoa, Archaebacteria, and Eubacteria become available. 

How Are Spliceosomal lntrons Invading New Sites Now? 

A single transposition burst of group II introns in the early eukaryote nuclear 
genome and their subsequent slow loss (by the recombination of reverse-transcribed, 
spliced mRNAs with their parent alleles) could possibly explain the current intron 
distribution in eukaryotic genes. However, many of the phylogenetic difficulties that 
introns-early is prone to also apply to a view where all introns were inserted at a 
single time. Because most intron positions are restricted to the most recently evolved 
eukaryotic lineages, it is most parsimonious to assume a model where introns have 
been spreading since their initial insertion as group II introns. 

There are a handful of examples of DNA transposons which generate spliceo
somal in trans by transposition, but none generate precise splice-site boundaries. The 
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widespread insertion of introns requires that transposition leads to splice-sites which 
do not alter the coding sequence; the most tenable mechanism for this is by an RNA 
based transposition using reverse-splicing. 

In this vein, Cavalier-Smith (1991) suggests that the conversion of all of the 
primary invading group II introns to spliceosomal introns by their gradual depen
dence on the snRNP-mediated splicing may have taken hundreds of millions of years 
to complete (Cavalier-Smith, 1991). In this lingering group II introns theory, 
remaining group II introns are suggested to have been retroposing to new sites 
relatively recently in evolution. Others have suggested that these introns could be 
continually introduced into nuclear genes from organellar genomes containing them 
(Rogers, 1989; Palmer and Logsdon, 1991). The finding of a mitochondrial group II 
intron remnant in the nuclear genome of Dolichos biflorus suggests that these introns 
are transferred to the nucleus on occasion (Knoop and Brennicke, 1991). The 
subsequent degeneration of group II introns into spliceosomal introns would be 
relatively simple requiring only a single nucleotide replacement to convert the 
consensus sequence for the former into the latter (Rogers, 1989). Such lateral 
transfer, however, could only be responsible for recent intron gain in plants, fungi 
and protists, because group II introns appear to be absent from animal mitochondrial 
genomes (Gray, 1989). 

Whereas both of these ideas may have merit, they also predict the existence of a 
so far undetected, intact, group II intron in nuclear genes. A simpler explanation for 
recent intron spread, first offered by Sharp (1985), is that the spliceosomal machin
ery, itself, may introduce introns into RNAs by catalyzing the reverse-splicing 
reaction. In this way, introns could be introduced into sites compatible with splicing. 
If the spread of introns into new sites in RNAs depends on accidental rare 
reverse-splicing events, a reverse transcriptase activity could be supplied by reverse
transcriptases encoded by endogenous retroviruses or retrotransposons commonly 
present in eukaryotic genomes and cellular machinery for homologous recombina
tion would then be relied upon to insert the copy into the genome. It is difficult to 
assess the feasibility of such a mechanism since experiments employing PCR to 
detect rare reverse-splicing have so far not detected any such activity (C. Guthrie, 
personal communication) perhaps because not all introns can be reverse-spliced. 

This passive mechanism of intron acquisition (Roger and Doolittle, 1993) is 
attractive because the gain of introns depends only on a side reaction of the 
spliceosome and does not propose the existence of an unknown transposing entity. 
But it suffers from the general problem that intron loss, by the replacement of 
intron-containing alleles with intron-less cDNAs, ought to be thousands of times 
more likely than incorporation of rarely reverse-spliced versions. Because introns are 
present in high density in many genomes of eukaryotic multicells, there must have 
been periods in the evolution of certain lineages during which intron gain was far 
more likely than loss; that is, periods when introns were actively transposing. 

To account for this, we suggest that there is a subset of introns which are 
transposable and may encode a reverse-transcriptase/maturase-like protein which 
recognizes sequences in its intron parent as well as binding with spliceosomal 
components in such a way as to promote reverse-splicing. Such an element could 
effectively reproduce itself by spliceosomal reverse-splicing of parent introns into 
proto-splice sites in RNAs followed by catalyzing the reverse transcription of these 
messages into eDNA In genomes where homologous recombination occurs fre-
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quently, the fecundity of this kind of retrotransposon would be high, causing the 
rapid turnover of introns in genes. However, if it is rare, as in vertebrate genomes, 
retroposing introns would die out (mutations in them would accumulate faster than 
new copies could be generated by transposition events) leaving an intron distribution 
that is phylogenetically stable. Consistent with this is the observation that there is a 
relative stasis of intron positions within vertebrate genes like tubulins and actin 
(Dibb and Newman, 1989). 

Towards a Resolution to the Introns Debate? 

The "introns-late" model we have presented rests largely on the mobility of 
spliceosomal introns, a phenomenon for which there is presently no direct evidence. 
It is often difficult to catch a transposon in the act, especially when it is assumed to be 
a rare event, nevertheless there are several strategies which may be employed to 
demonstrate transposition convincingly. 

Because the actual constraints on intron sequence appear to be so lax, it is 
somewhat naive to hope to discover two closely related introns within a genome by 
chance. It is necessary to hedge our bets by first looking for an organism containing 
an intron at some position which is intronless in numerous closely related species; 
this is indicitive of a recent transposition. If the time of divergence between the 
organism and its intronless relatives is less than - 65 million years, we could expect 
to find a parental copy of the new intron to have maintained a detectable level of 
sequence identity (- 60% ). Similar introns in different sequence contexts provides 
good evidence of transposition. 

Such a finding would happily provide concrete evidence in a debate where it is so 
desperately needed. As molecular biology is catching up with theory, we may hope 
for a settlement to this ancient question, or at least for more data to fuel another 
sixteen years of vigourous argument. 
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Phylogenetic frameworks inferred from comparisons of macromolecular sequences 
can provide insights into the origin of the Animalia and its major phyla. Structural 
and molecular data now offer corroborating evidence that animals are monophyletic 
with the choanoflagellates as a sister group. Within the metazoa, the divergence of 
sponges is followed by the Ctenophora, the Cnidaria plus the placozoan Trichoplax 
adhaerans, and finally, by an unresolved polychotomy of triploblastic animal phyla. 
Maximum likelihood analyses of small subunit ribosomal RNAs reveal animals and 
fungi share a unique evolutionary history. Their last common ancestor was a 
uni-flagellated protist similar to extant choanoflagellates or chytrids. This relation
ship between animal and fungal ribosomal RNAs agrees with molecular systematic 
studies of other gene families including a-tubulins, [3-tubulins, elongation factors and 
actins. 

Historical Theories 

Most theories describing the origins ofmetazoa (Hanson, 1958, 1977) are based upon 
comparative morphology, developmental biology, and physiology. More recent stud
ies of molecular evolution only underscore the complexity of deciphering the sudden 
radiation of animal phyla previously identified through paleontology. Preferred 
branching patterns for simple animals are not convincing in molecular and nonmo
lecular phylogenetic trees, yet there is general agreement that animals must have 
evolved from ancestral protists. 

More than 100 years ago, Haeckel (1874), Lankester (1887), and Metschnikoff 
(1886) suggested that early animals evolved from a colonial flagellate resembling an 
embryological stage of extant metazoa. Because of similar cell structures identified 
through light microscopy, James-Clark (1867, 1868) proposed a direct relationship 
between the unicellular choanoflagellates and the choanocytes of sponges (James
Clark, 1867, 1868). Discovery of a colonial choanoflagellate, Proterospongia haeckeli 
Kent (1880-1882), reinforced the hypothesis linking choanoflagellates and simple 
animals (Kent, 1880--1882). This discovery also strengthened Metschnikoff's theory 
that a solid colony (parenchymula) was the first metazoan form. Lameere extended 
this idea to a colonial integration model in which colonies of choanoflagellates gave 
rise to sponges and in turn to the major animal phyla (Lameere, 1901, 1908). 
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A frequently cited competing idea placed the origins of metazoa within the 
ciliates (Hadzi, 1953). As described in Hadzi's Syncytial Theory, a multinucleated 
ciliate with seemingly bilateral symmetry might have been the evolutionary precursor 
to flat bilateral acoel flatworms. Cnidarians and ctenophores would have been 
derived secondarily from these earliest multicellular animals (Barnes, 1986). Al
though many other theories have been proposed, there is no overwhelming body of 
comparative morphological nor embryological data to support any single hypothesis 
(Brien, 1971; de Saedeleer, 1930; Grasse, 1971; Hanson, 1958, 1977; Laval, 1971; 
Morris, 1993; Nielsen, 1985, 1987; Salvini-Plawen, 1978; Tuzet, 1973; reviewed in 
Hyman, 1940; and Willmer, 1990). 

Precambrian and Cambrian Fossil History 

The inconsistent fossilization of organisms lacking mineralized hard parts or degra
dation-resistant organic materials constrains interpretation of Precambrian biologi
cal history (Knoll, 1992). Even so, Knoll (1992) described evidence of eukaryotes in 
the late paleoproterozoic and documented eukaryotic diversification in the mesopro
terozoic from preserved organic compressions and impressions in sandstones and 
shales. The earliest known multicellular protist, a red alga, is preserved in silicified 
carbonate rocks of the 1250 to 750 million-year-old hunting formation (Butterfield, 
Knoll, and Swett, 1990). The presence of metazoa at that time is debatable as a 
molecular clock calibration places the initial radiation of metazoa at - 1,000 million 
years ago (mya) (Runnegar, 1982) while the first appearance of unskeletonized 
multicellular animals (Ediacaran faunas) was closer to the pre-Cambrian-Cambrian 
boundary (late Neoproterozoic) -620 to 700 rna (Conway Morris, 1985, 1987, 1989a; 
Knoll and Walter, 1992). This was followed by the abrupt appearance of a diverse 
array of predominately skeletonized invertebrate phyla during the early Cambrian 
(Bergstrom, 1990) and a non skeletonized faunal component exemplified by those 
preserved in the Burgess Shale formation (Conway Morris, 1989b ). This fauna may in 
fact be the survivors of the pre-Cambrian Ediacaran assemblages (Conway Morris, 
1989b ). Recent geochemical evidence suggests that the proterozoic-Cambrian bound
ary occurred 544 rna rather than 570 rna and the transition occurred over a 5-10 
million year period (Bowring, Grotzinger, Isachsen, Knoll, Pelechaty, Kolosov, 
1993). While geologic history provides information on the estimated time of emer
gence for many animals, it lends few clues about pre-Cambrian protists ancestral to 
contemporary metazoa. In part this represents lack of consensus about phenotypic 
characteristics that can be assigned to a protist ancestor for animals. 

Molecular (Biochemical) Analyses to Date 

Comparisons of ribosomal RNA sequences (rRNA) have established the phyloge
netic relationships within the prokaryotic and protist worlds (Sogin, 1991; Woese, 
1987), but similar procedures have given contradictory topologies for early diverging 
metazoan lineages (Christen, Ratto, Baroin, Perasso, Grell, and Adoutte, 1991; 
Erwin, 1991; Field, Olsen, Lane, Giovannoni, Ghiselin, Raff, Pace, and Raff, 1988; 
Lake, 1990). To date, distance and parsimony analyses of rRNA data portray protists 
as a series of independent branches that precede the nearly simultaneous separation 
of plants, animals, fungi, plus two novel and complex evolutionary assemblages 
described as stramenopiles (some chromophyte algae, diatoms, oomycetes, labyrinthu
lids, and other heterokont protists) and alveolates (ciliates, dinoflagellates, and 
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apicomplexans) (Patterson and Sogin, 1992). Collectively these assemblages plus 
several other protist lineages define the crown of the eukaryotic tree (Knoll, 1992). 

Relative branching order for the crown groups has been difficult to establish as 
the nodes separating each group are represented by fewer than five nucleotide 
changes per thousand positions. The absence of sequence data from early branching 
lineages within each of the crown groups and inadequate representation of eukary
otic microbial diversity has weakened the utility of molecular data in resolving the 
origins of animals (Christen et al., 1991; Field et al., 1988; Lake, 1990). In some 
studies, difficulties in reconstructing organismal phylogeny was further exacerbated 
by incomplete sequence information. Most analyses of animal origins have been 
based upon partial sequences and hence lack a statistically meaningful number of 
independently variable sites. Furthermore, these sequences may be subject to 
systematic errors which are not detected when only single stranded rRNA templates 
are available for sequence analyses. One percent sequence errors (Clark and 
Whittam, 1992) and inadequate methods for inferring molecular frameworks that 
include both slowly and rapidly evolving lineages (Christen et al., 1991; Field et al., 
1988) can lead to major rearrangements of deep interior nodes or terminal taxa 
separated by short branches. 

Complete small subunit ribosomal RNA (16S-like rRNA) sequences are now 
available for several lineages that diverged early in the metazoan radiation (Wain
right, Hinkle, Sogin, and Stickel, 1993). Together with an expanded ribosomal 
sequence data base (Olsen, Overbeek, Larsen, Marsh, McCaughey, Maciukenas, 
Kuan, Macke, Xing, and Woese, 1992) this study employed maximum likelihood 
(Felsenstein, 1981) and distance techniques (Olsen, 1988) to explore relationships 
between animals and other eukaryotes. In these analyses, only unambiguously 
aligned nucleotide positions of complete 16S-like rRNA sequences were considered. 
The alignments were achieved using a computer assisted method that took into 
account conservation of both primary and secondary structural features in rRNA 
molecules (Elwood, Olsen, and Sogin, 1985; Olsen, 1988). An accelerated method 
for maximum likelihood analyses of DNA sequences (Olsen, Matsuda, Hagstrom, 
and Overbeek, 1994) using the generalized two parameter model of evolution 
(Kishino and Hasegawa, 1989) produced the phylogenetic tree in Fig. 1. With the use 
of jumbled orders for taxa addition and allowing global swapping to cross three 
branches, the search for an optimal tree was repeated until the best log likelihood 
score was reached in at least three independent searches. 

Bootstrap techniques (Felsenstein, 1985) provided relative confidence levels for 
topological elements in the phylogenetic trees. Bootstrap values that exceed fifty 
percent in fastDNAml analyses and the corresponding values from resamplings for 
neighbor-joining methods (Saitou and Nei, 1987) are indicated in Fig. 1. Although 
the use of bootstrap values has gained widespread acceptance for measuring 
reliability in phylogenetic tree reconstructions, we do not consider them to be 
reliable estimates of statistical confidence. Bootstrap values are affected by the 
number of resamplings, the topology of the tree, and underlying models of molecular 
evolution. Lengthy computer runs for larger data sets can lead to lower confidence 
levels associated with fewer bootstrap resamplings (Hedges, 1992; Li and Gouy, 
1990). Observed bootstrap values in molecular phylogeny reconstructions can be 
influenced by the number of deep interior nodes separated by short evolutionary 
distances as well as the fraction of sites that change on a given segment separating 
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two nodes (Hillis and Bull, 1993). Even taxon representation in phylogenetic 
inferences can have profound effect on observed bootstrap values. For example, in 
the data set described (Fig. 1), bootstrap values uniting fungi and animals approach 
98 percent when the protist Acanthamoeba castellani is excluded from the analysis. 
Rather than selectively excluding taxa (e.g., Acanthamoeba) that result in high 
bootstrap values, we included representatives from all the crown groups. 

Consensus among topologies when different taxa and methods are selected for 
analyses may be a preferred method for measuring confidence in phylogenetic 

'------------------Dictyostelium discoideum 

.10 

Figure 1. Relationships between animals, fungi, plants, and other eukaryotic groups inferred 
from complete 16S-like rRNAs. The percentage of 110 bootstrap resamplings that support 
topological elements in maximum likelihood inferences are shown above the branches: each 
resampling required 48 h to compute on a SUN Microsystems SPARC 2 Workstation. Values 
below the branches represent the fraction of 200 bootstrap neighbor joining replicates (Saitou 
and Nei, 1987) that support the evolutionary hypothesis. Confidence levels below fifty percent 
are not indicated in the figure. The root of the tree is placed within the Dictyostelium 
discoideum lineage. 

reconstructions (Leipe, Gunderson, Nerad, and Sogin, 1993). A series of maximum 
likelihood trees were constructed for different combinations of fungal, ciliate, 
chlorophyte, and chrysophyte taxa with the choanoftagellates and diploblastic and 
triploblastic animals represented in Fig. 1. Maximum likelihood trees were also 
constructed with single representatives of choanoftagellates, sponges, and cnidaria. 
In all cases, the best tree topologies as judged by optimal log likelihood scores 
displayed branching patterns that were consistent with the phylogeny presented. The 
relationships between major groups in the maximum likelihood and neighbor joining 
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trees were also found in maximum parsimony using the computer package PAUP 3.0. 
(Swofford, 1990). 

Monophyletic Origins of Metazoa 

The metazoa appear as a monophyletic lineage that shares a recent common ancestry 
with choanoflagellates. Surprisingly, the animal and fungal lineages share a more 
recent common ancestor than either does with the plant, alveolate, or stramenopile 
lineages. Within the metazoan subtree the divergence of the choanoflagellates, 
sponges, and the ctenophore were followed by the placozoan and cnidarians which 
directly preceded the triploblastic animal phyla. Although the bootstrap values do 
not substantiate any single branching order for choanoflagellates, sponges, and 
ctenophores, the topology in Fig. 1 is consistent when alternative protist, fungal, and 
lower metazoan taxa are included in maximum likelihood analyses. 

Similarities of Choanoflagellates and Sponges 

The early metazoan branching pattern inferred from the rRNA phylogeny confirms 
hypotheses about the relationship of choanoflagellates and sponges to diploblastic 
and triploblastic animals (James-Clark, 1867, 1868; Lameere, 1901, 1908). The 
cellular similarities shared between choanoflagellates and the choanocytes of sponges 
are well known (Hollande, 1952; Laval, 1971; Tuzet, 1973). The most obvious 
structures shared are the microvilli arranged in a collar-like structure surrounding a 
single flagellum (de Saedeleer, 1930; James-Clark, 1867, 1868; Laval, 1971) with the 
collar functioning as a filtering organelle (Fjerdingstad, 1961a,b ). The microfila
ments found within the microvilli are arranged in a similar manner in both cell types 
(Leadbeater, 1983a). 

Additional ultrastructural features between choanocytes and choanoflagellates 
lend further support for their evolutionary relatedness. Choanoflagellates and 
metazoa have flat nondiscoid cristae in their mitochondria (Hibberd, 1975; Lead
beater and Manton, 1974). Similarity in the mitotic division process has recently been 
reported in choanoflagellates and animals (Karpov and Mylnikov, 1993). The 
flagellum of choanoflagellates and choanocytes both have a bilateral vane on either 
side of the axis (Brill, 1973; Hibberd, 1975). However, the flagellar vane found in 
sponges appear more robust and may not be comparable to those in choanoflagel
lates (Mehl and Reiswig, 1991). There is a detailed report of the flagellar rootlet 
system in choanoflagellates (Hibberd, 1975) but without a comparable account of 
this architecture in choanocytes, the degree of identity between these cells remains 
unclear. 

The Evolution of Multicellularity 

Multicellularity is here regarded as that state where coexisting cells with the same 
genome (with differential expression) carry out different but complementary func
tions. Cellular differentiation of this nature has been acquired on many occasions 
(for example: red algae, brown algae, and slime moulds) and is usually accompanied 
by an increase in organismal size. Together, differentiation and large size can only be 
achieved through the emergence of cellular support and intercellular communica
tion. The molecular data presented in Fig. 1 is largely consistent with our traditional 
and emerging understanding of the structural basis for the acquisition of multicellu
larity in animals. It is consistent with information on nonepitheliate sponges and 
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placozoa, for the diploblastic ctenophores and cnidaria, and for the triploblasts. The 
status of the mesozoa still awaits clarification. 

The Extracellular Matrix 

Structural support for animal cells has been achieved through the elaboration of an 
intercellular matrix (ECM, Morris, 1993). The ECM is composed of several sub
stances but principally includes fibrillar collagens, nonfibrillar collagens, and noncol
lagenous materials such as laminin and fibronectin (Pedersen, 1991). These may be 
present as a matrix with little organization (as in mesohyl and mesogloea) or may 
exist in a complex assemblage, the basement membrane. The assembly of a basement 
membrane is one of the primary features responsible for organization of cells into the 
sheetlike arrays (epithelia) from which higher levels of complexity have developed. 

The origins of this matrix may lie within the choanoftagellates. But some of these 
flagellates ( acanthocoecids) exploit siliceous elements as structural devices (Buck, 
1990). One genus, the colonial Proterospongia, has cells embedded within a central 
jellied matrix of unknown composition (Kent, 1880--1882; Leadbeater, 1983b). 
Within the sponges, the extracellular matrix takes the form of the mesohyl. A major 
component of the mesohyl is fibrillar collagen or spongin (Bergquist, 1978; DeVos, 
1977; Garrone, 1984; Garrone, 1985; Gross, 1985; Harrison and De Vos, 1991; 
Pedersen, 1991). The presence of fibrillar collagen leads to the assertion that 
mesohyl is homologous to the ECM of other animals (Bergquist, 1978). Additional 
components of the mesohyl include a fibronectinlike protein (Labat-Robert, Robert, 
Auger, Lethias, and Garrone, 1981) and a nonfibrillar collagen similar to Type IV 
(Exposito, Ouazana, and Garrone, 1990). However, unlike more complex animals, 
sponge cells are not arranged in an epithelia. The ECM components together with 
siliceous and calcareous spicules, provided sponges with a system for support for an 
integrated array of sophisticated and specialized cells (Wood, 1991). Sponge cells 
within this matrix do not form tight connections (such as desmosome structures 
found between true epithelial cells) with the mesohyl or to each other. Some cells, 
such as the pinacocytes, form less organized layers: the pinacoderm. 

The integration of collagen with other noncollagenous materials for the forma
tion of an ECM creates a structural argument that the sponges and animals are a 
monophyletic group (Morris, 1993; Pedersen, 1991). However, collagen alone should 
not be regarded as the synapomorphy of the animals as this material has also been 
reported in foraminifera (Hedley and Wakefield, 1967). This report needs to be 
confirmed and further efforts made to establish if collagen is produced by other 
protists. 

Within the remaining animals (placozoa and mesozoa excepted), the ECM 
takes the form of a complex basement membrane which intercedes between epithelia 
and connective tissues. The basement membrane has three distinct layers: lamina 
Iucida, basal lamina, and lamina reticularis (Pedersen, 1991). This pattern of 
organization has not been reported in sponges, but structures resembling the lamina 
reticularis (Harrison, Kaye, and Kaye, 1990) and basal lamina (Pedersen, 1991) have 
been reported. Other features which some or all sponges share with the remaining 
animals are the occurrence of spermatogenesis (Harrison and De Vos, 1991), 
acrosomate sperm (Ax, 1989), polar bodies (Ax, 1989), yolky eggs (Kaye, 1990), 
aspects of early embryonic development (Misevic, Schlup, and Burger, 1990), and 
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septate junctions (see below) (Green and Bergquist, 1979; Ledger, 1975). The 
concordance of molecular and structural data is consistent with placing the sponges 
as a group diverging from the base of the animal lineage (Brien, 1971; Tuzet, 1970, 
1973), and provides no support for the argument that the sponges are an indepen
dent or dead-end lineage (Delage, 1892; Sollas, 1884). 

Cell junctions. Junctional complexes (=cell junctions) are differentiations of 
the surface of cell and underlying cytoplasm. Desmosomes and septate junctions 
permit adhesion of cells to each other or to the extracellular matrix. Tight and 
septate junctions prevent the passage of fluids between cells and gap junctions 
enhance communication between cells (Staehelin, 1974). The evolution of these 
complexes was integral to the acquisition of animal multicellularity. Among the 
animals, sponges show lesser variety of junctional complexes. Intercellular structures 
include: simple parallel membrance structures (Feige, 1969; Green and Bergquist, 
1979, 1982) as well as structures reported as septate junctions (Green and Bergquist, 
1979; Ledger, 1975; Mackie and Singla, 1983). Organized particle arrays in mem
branes have been described from freeze-fracture studies ( Garrone and Lethias, 
1990). 

In addition, structures which are reported as being 'desmosome-like' have been 
reported (Lethias, Garrone, and Mazzorana, 1983; Pavans de Ceccaty, 1986). 
Desmosomes may be defined critically as structures occurring between two parallel 
membranes of adjacent cells consisting of pentalaminate structures. Two layers 
include thickened plasma membranes with the outer layer of each with an electron
lucent layer. A central electron-dense layer is sandwiched between the plasma 
membranes. The cytoplasmic side of the desmosome gives rise to tonofilaments or 
cytokeratins which penetrate into the cell. This type of structure has been observed 
in placozoans, ctenophores, cnidaria, and other higher animals as well as in Myxo
zoan sporozoa. The evolution of these structures has apparently accompanied the 
transformation of the ECM into a more organized layer. Precisely this type of 
structure has yet to be reported in sponges, and the use of the term 'desmosome-like' 
is potentially misleading. 

Ctenophores have desmosomes (arrayed as spots or belts) and gap junctions 
(Hernandez-Nicaise, 1991), but tight and septate junctions have yet to be reported. 
In cnidaria, a more comprehensive array of junctional complexes have been reported 
(Filshie and Flower, 1977; Hand and Globel, 1972; King and Spencer, 1979; Wood, 
1959). Three types of septate junctions have been observed in cnidarians; one, found 
in hydrozoans, compares more closely to those found in the triploblasts (pleated 
septate junctions with narrow septa). Two different types with broad septa occur in 
the anthozoans (Green and Bergquist, 1982). Although there are several reports of 
gap junctions in the hydrozoans (Hand and Gobel, 1972; Flower, 1977; Mackie, 
Nielsen, and Singla, 1989), none have been found in anthozoans or scyphozoans 
(Mackie, Anderson, and Singla, 1984). Although, from the perspective of junctional 
complexes, ctenophores appear less complex than cnidaria, both groups are diploblas
tic and exploit relatively disorganized ECM (mesogloea) as a supporting material. 
Basement membranelike structures are found in cnidarians (Pedersen, 1991) and 
true basal laminae in ctenophores (Hernandez-Nicaise, 1991). Ctenophora have 
relatively well developed musculature, nervous and sensory systems, and excretory 
systems (Harbison, 1985; Hyman, 1940). The exact relationship between the cteno-
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phores and the coelenterates remains in dispute. Because both groups are diploblas
tic, and because of developmental similarities (Hernandez-Nicaise, 1991) we regard 
them as closely related. 

One group of organisms normally assigned to the protozoa, the myxozoa also 
have desmosomes that satisfy the definition above. They are multicellular organisms 
in which the spore filaments show developmental, structural, and functional similari
ties with the cnidarian nematocysts. For this reason, it has been argued that this 
group is assignable to the cnidaria (Patterson, 1994; Patterson and Sogin, 1993). 

The position of the placozoa is not clear. Placozoa lack basal lamina and have 
been reported as having belt desmosomes (Grell and Ruthmann, 1991; Ruthmann, 
Behrendt, and Wahl, 1986) a piece of structural evidence which corroborates the 
molecular evidence that they are a bona fide member of the animal lineage. If the 
branching pattern in Fig. 1 is valid, then this group must have lost a number of 
junctional complexes during their evolutionary history. 

Together molecular and structural studies provide a robust concept which 
endorses the monophyly of the group (with Mesozoa remaining of uncertain status). 
A progressive sophistication of the ECM and of junctional complexes in sponges, 
ctenophores, and cnidaria (embracing Myxozoa) provides evidence of the monophyly 
of the diploblastic and triploblastic animals. This process has achieved the tissue 
grade of organization as distinguished by cells organized into epithelia found in the 
more complex animals. 

Relationship of the Animals and Fungi 

The maximum likelihood analysis in Fig. 1 shows a close phylogenetic relationship 
between animals and fungi. Independent confirmation of a common evolutionary 
history for animals and fungi is provided by maximum likelihood analyses of amino 
acid sequences for elongation factors (Hasegawa, 1993) and from molecular system
atic studies of other gene families including a-tubulins, [3-tubulins, elongation factors 
and actins (Baldauf and Palmer, 1993). At different times, fungi have been consid
ered to be plants, members of other protist groups, or in more contemporary 
schemes, worthy of kingdom level status (Whittaker, 1959). Most conventional 
phylogenies place the origin of animals among protists. Towe (1981) and Cavalier
Smith (1987) argue that similarities in complex biosynthetic pathways including 
syntheses of hydroxyproline, chitin, and even ferritin suggest a specific evolutionary 
relationship between fungi and animals. And, even though cellulose which is most 
prevalent in plants has been detected in some tunicates, chitin is the most abundant 
structural polysaccharide in fungi and animals (Brown, 1990). Molecular phylogenies 
based upon 16S-like rRNA sequence comparisons (Bowman, Taylor, Brownlee, Lee, 
Lu, and White, 1992; Bruns, Vilgalys, Barns, Gonzalez, Hibbett, Lane, Simon, 
Stickel, Szaro, Weisberg, and Sogin, 1992) and ultrastructural features observed 
during mitosis (Fuller, 1976) describe the higher fungi as a monophyletic group. The 
chytrids with a flagellated zoospore represent the earliest diverging lineage of the 
fungi. Because chytrids and choanoflagellates both have flattened mitochondrial 
cristae and a single posterior flagellum, the hypothetical protist representing the 
most recent common ancestor to the animals and fungi in the rRNA phylogeny very 
likely was a unicellular protist with these ultrastructural characteristics. This new 
rRNA phylogeny that recognizes animal origins and their relationship with the fungi 
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provides us with a framework and a rational basis through which we may explore the 
origins and diversifications of metazoan phenotypes. 
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The reconstruction of phylogenetic history has become an integral part of all 
comparative biological studies over the past few decades (e.g., see Brooks and 
McLennan, 1991; Harvey and Pagel, 1991; Hillis and Moritz, 1990; Maddison and 
Maddison, 1992). The range of applications of phylogenetic inference is immense: 
phylogenies are used for everything from tracking infections of viruses within human 
populations (e.g., Ou et al., 1992) to studying the evolution of sex determining 
mechanisms across hundreds of millions of years (e.g., Hillis and Green, 1990) to 
tracing the earliest lineages of life billions of years ago (e.g., Olsen, 1987). However, 
it is obviously not possible to go back in time and directly observe any of these 
phylogenies, so how can we know if phylogenetic methods are finding the correct 
phylogenies? As with most scientific theories and methods, there are two choices to 
evaluate the validity of phylogenetic techniques: empirical and theoretical experimen
tation (or to put it in other terms, biological and numerical simulation). The purpose 
of this review is to examine the results of both types of studies with regard to 
performance of phylogenetic methods, and then to make general recommendations 
about selecting a method for use. 

Numerical Versus Biological Simulations 

To date, most evaluations of phylogenetic methods have involved numerical simula
tions: an investigator defines a simple model of evolution, creates some sequences 
(perhaps at random), and specifies a tree or some rules for generating a tree (e.g., a 
Markov process of speciation). The investigator then applies the model of evolution 
to the given sequences and tree, and a computer program carries out the tasks of 
assigning mutations and recording successive generations of new sequences. After 
the sequences have "evolved" in computer memory, the various methods of phyloge
netic inference can be tested to see which ones perform the most effectively. The 
advantages of simulating phylogenies in this manner include the ability to generate a 
sample of thousands or millions of phylogenies with great ease and the ability to 
generate any conceivable phylogeny. Thus, we can choose some aspect of trees to 
investigate, define the parameter space of interest, and then examine samples of 
trees from throughout this parameter space. The limitations of the approach lie only 
in our ability to identify relevant problems and in computational limitations in 
analyzing the simulated data sets. 

Given the flexibility of the numerical simulation approach, why would we ever 
turn to experiments with real organisms? There are two principal reasons: we are 
painfully ignorant about the details of molecular evolution, and computer simula
tions, by necessity, incorporate gross simplifications of evolutionary processes. The 
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most complex of computer simulations still make sweeping generalizations and 
simplifying assumptions about how organisms evolve. This will likely always be the 
case, because a computer simulation that did not simplify evolutionary processes 
would have to be as complex as a real functioning organism. As an example, the vast 
majority of simulations of molecular evolution to date have defined one or two 
parameters associated with mutation rates; typically, there is either a single mutation 
rate or two different rates for transitions and transversions, respectively. The most 
complex simulations may specify as many as twelve different mutation rates for the 
twelve possible changes that can occur among nucleotides. However, in a real 
sequence, these rates are likely to differ in ways we are yet to understand across every 
position in a given gene. Many simulations also assume a constant rate of change 
across all positions, a situation we know to be very different from what actually occurs 
in real sequences. There are also complexities that we can imagine but are difficult to 
model: there may be complex interactions among different nucleotide positions (e.g., 
having to do with RNA or protein secondary structure, or related to the binding of 
control sequences), or there may be fluctuating kinds and levels of selection at 
various developmental stages. Of course, given that we could thoroughly understand 
such complexities, we could incorporate them into simulations. Unfortunately, our 
knowledge of molecular evolution is far too rudimentary to develop any but the 
simplest models at present, and even if we had complete knowledge, it would be 
computationally intractable to develop such detailed models. Therefore, we need 
some check on the simulations to see to what extent our simplifications have led us 
astray, as well as to suggest ways in which the models need to be modified to make 
them more realistic. This is the role of experimental phylogenies, also known as 
biological simulations. 

When we create an experimental phylogeny, we would like to control some 
aspects of evolution while we let the experimental organisms control the rest. For 
instance, if we are interested in the effects of differing branch lengths on the 
performance of phylogenetic methods, we might design a series of experimental trees 
in which we systematically vary branch lengths across trees for some experimental 
lineages, while we hold such factors as population size and environmental conditions 
constant. The biological constraints of the organisms are established by the organ
isms themselves, rather than modeled by an investigator. If we model the same trees 
and show that the results are consistent with the experimental lineages, then we can 
begin to conclude that the simplifications of the numerical simulations are not 
adversely affecting our conclusions. On the other hand, as will often be the case, we 
may see a difference between the simulated trees and the experimental trees. In this 
situation, we can evaluate the two data sets and determine why they are different. 
After doing so, not only will we now know more about the processes of molecular 
evolution, but we can also incorporate this information into new and better simula
tions. The new simulations may suggest new conditions to test experimentally, and 
the process can be repeated indefinitely, with the investigators learning more about 
the behavior of phylogenetic methods and the processes of molecular evolution with 
every cycle. 

Of course, the scenario above assumes three things. First, we need to be able to 
define what we mean by "good performance" of a phylogenetic method. Second, we 
need to be able to identify and define relevant "parameter space" to explore in the 
numerical and biological simulations. Third, we need to identify organisms that 
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evolve quickly enough that we can create experimental phylogenies in reasonable 
periods of time (hopefully measured in weeks or months rather than years). 

How Do We Know a Good Method When We See One? 

An ideal phylogenetic method would be fast, powerful, consistent, robust, discrimi
nating, and versatile (see Penny, Hendy, and Steel, 1992). Unfortunately, there are 
trade-offs involved in optimizing these criteria, so that it is usually necessary to rank 
their importance in selecting a method for a given problem. Below we consider each 
criterion in turn. 

Computational speed. If everything else were equal, computational speed would 
be very important. In general, however, the methods that rank the best for speed 
rank among the worst for some of the other criteria, and "quick-and-dirty" ap
proaches are not often favored in science except as a way to get a first approximation. 
However, there is a wide spectrum of computational speeds among the methods from 
very fast single-tree clustering algorithms, to the character and distance-based 
methods that identify an optimality criterion, to methods such as maximum likeli
hood that require enormous computational efforts. Even though we may not want to 
select a method based on speed considerations alone, we still must select a method 
that is fast enough to give an answer without having to wait across geological time, 
and for some applications, a fast approximation may be appropriate. 

Power. In the real world, we have a finite number of data that we can analyze for 
a given problem. If two methods are otherwise equal, but one correctly estimates a 
phylogeny from sequences 100 bp long whereas the other requires sequences 1,000 
bp long to achieve the same success rate, then we would obviously prefer the one that 
requires fewer data to get the correct answer. Methods may differ in power because 
they consider different kinds of variation among the sequences to be informative, or 
because they give different weights to different kinds of variable characters. In the 
latter case, power may be a function of the model of evolution and the degree to 
which the assumptions of the method are matched. 

Consistency. A method is consistent if it converges on the correct answer as 
more data are examined. All methods of phylogenetic analysis proposed to date are 
consistent under some conditions but are inconsistent under others. Some methods 
explicitly state a set of assumptions, which if violated may lead to inconsistency; for 
other methods, the assumptions are implicit and the conditions that lead to inconsis
tency have to be determined empirically. Many methods are based on a stated model 
of evolution, and as long as the organisms are evolving under the model conditions 
the method is consistent. Ideally, we would like to have a method that is consistent 
for the most general possible models of evolution. 

Robustness. Even if we know the model conditions under which a method is 
consistent, it does not necessarily follow that deviations from the model will 
automatically lead to inconsistency. A robust method is insensitive to deviations from 
the ideal (model) conditions. This is obviously an important attribute, because it is 
unlikely that any real organisms ever evolve precisely in accord with any but the most 
general of models. 

Discriminating ability. Methods should be able to return no answer if certain 
basic assumptions are violated (e.g., if there is no underlying tree), and they should 
be capable of comparing and ranking alternative hypotheses. Some methods (e.g., 
clustering algorithms like unweighted pair-group method of averages [UPGMA] and 
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neighbor-joining) will always return one tree with no means of comparing alterna
tives, although tests can be applied to ask if any of the branch-lengths are signifi
cantly different from zero. Most other methods show limited ability to reject a 
tree-like structure but do specify an optimality criterion that can be used to compare 
and test alternative trees. Separate methods have been developed to identify data 
sets that contain no more structure than would be expected at random (e.g., Hillis 
and Huelsenbeck, 1992), and in principle such methods can be applied before 
deciding that it is appropriate to proceed to phylogenetic analysis. Once it has been 
determined that phylogenetic analysis is appropriate, a discriminating method 
should identify a range of potential solutions and provide a means of evaluating their 
optimality. 

Versatility. The objectives of a phylogenetic analysis are usually more than 
simply finding the branching structure of a tree, although that is a universal first step. 
Some methods do little more than specify a branching structure, however. A versatile 
method would also provide such properties as estimates of branch lengths and 
estimates of the character states of the ancestral nodes in the tree. A method is also 
versatile if it is applicable to a wide range of character types (e.g., both molecular and 
morphological data); some methods are not versatile because they are applicable 
only to DNA sequences or incorporate only information about substitutional changes 
(e.g., information on insertion-deletion events is ignored). 

Given that we accept the above criteria as important, how can we rate a given 
method for each criterion? Some of the rankings are straightforward, such as 
computational speed, but others (such as power and robustness) are harder to 
evaluate. Two main approaches can be used to compare the methods, namely 
numerical simulations and experimental phylogenies. 

Numerical Simulations: Examining Conceivable Limits 

A common objection to numerical simulations is that the conclusions of a typical 
simulation study invariably seem to support the investigator's a priori views on the 
relevant methods. For instance, one investigator who likes the neighbor-joining 
method (for whatever reason) may simulate phylogenies that indicate its superiority, 
whereas another investigator who prefers the UPGMA method may conduct simula
tions to show support for that approach. The reason for such discrepancies is that 
each of the methods has conditions under which it performs optimally, so a method 
looks best if trees are simulated under only those conditions. As an example, 
UPGMA performs best if rates of evolution are exactly the same in all lineages in the 
tree. Under such conditions, UPGMA can be shown to estimate the correct trees as 
well as or better than many other methods. However, the conclusions from a study 
that only includes such conditions are not very general and do not present a fair 
comparison of different methods. If simulations are to be used effectively, then, we 
need to define a specific problem for investigation and then examine the potential 
parameter space for that problem as exhaustively as possible. 

As an example of defining a problem exhaustively, consider the simple and 
often-simulated "four-taxon tree with two rates" problem (Figs. 1 and 2). Felsenstein 
(1978) discussed this problem to demonstrate that some methods of phylogenetic 
analysis are inconsistent for some trees of this type; if the lineages represented by two 
opposing peripheral branches are evolving at a very high rate compared to the other 
three branches, then the parallel changes in the two long branches can overwhelm 
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Figure 1. The four-taxon, two-rates 
problem. Consider a four-taxon tree 
in which two of the lineages (repre
sented by the opposing branches d 
and e) have a different rate of change 
than the other three lineages ( repre
sented by branches a, b, and c). The 
instantaneous rate of change varies 
from 0 to infinity along the two axes 
of the graph, so that in the upper 
right corner of the graph all the 

characters of the taxa are as divergent as if chosen at random (e.g., the probability that there is 
a difference in any given nucleotide position in a DNA sequence is 0. 75). Different areas of the 
resulting parameter space represent trees with different shapes. Along the diagonal (dashed 
line) the lengths of all five branches are equal. Near the top left corner of the graph, branches 
a-c are short and branches d-e are long, which produces conditions that are inconsistent for 
several methods of phylogenetic inference (see Fig. 2). 

any signal in the small internal branch, leading one to be positively misled in 
estimating the tree (Fig. 2). Several methods are inconsistent under such conditions: 
the more data that are applied to the problem, the more likely the incorrect tree will 
be estimated. Because of this well-known behavior, and because of the simplicity of 
simulating and evaluating such trees, there have been numerous simulation studies 
of this problem (see summaries by Nei, 1991; and Huelsenbeck and Hillis, 1993). 
However, it is also simple to identify specific types of four-taxon trees that are 
particularly amenable to most of the common phylogenetic methods. Therefore, 
given that we have identified a particular problem (namely a four-taxon tree with two 
different rates), there is no reason not to examine the problem exhaustively for any 
given model of evolution. This is relatively easy to do in this case: we can graph out 
the two rates along two axes, and vary the instantaneous rate of evolution from zero 
to infinity along both axes (Fig. 1). We can then partition the graph space as finely as 
our computational limitations will permit, and simulate trees from throughout the 
entire possible parameter space. Using this approach, we can compare any set of 
methods for all potential conditions simultaneously, rather than only examining a 
biased set of trees that tends to support an a priori preference. If we are interested in 
consistency, we can calculate the expectations for infinitely large data sets; if we are 
interested in power, we can examine a regular series of finite data sets. A power 
analysis using this approach is illustrated in Fig. 3, with colors used to show the 
probability that a given method will find the correct tree in different areas of the 
parameter space. 

True Tree 
A C 

B D 

Estimated Tree 
A C 

B D 

Figure 2. A tree from the Felsenstein 
zone: two of the opposing branches 
are long, and the other three branches 
(including the internal branch) are 
short. Parallel changes in the two 
long branches can be confused as 
phylogenetic signal, which leads some 
methods to estimate the incorrect 
tree on the right. 
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Figure 3. Comparison of the power of several methods of phylogenetic inference. The colors 
represent the probability of correctly estimating the phylogeny: green ( > 95% ), dark blue 
(80-95%), light blue (60-80%), magenta (40-60%), yellow (20-40%), and red ( <20%). 
White areas represent conditions in which over 90% of the data sets include undefined 
pairwise distances (so no tree can be constructed). In graphs A-I, DNA sequence evolution 
followed the Kimura model, with a 5:1 transition:transversion ratio. In graphs J and K, there 
was a 5:1 ratio of G-C and A-T changes compared toG-A, G-T, A-C, or C-T changes. 100 
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The model of evolution used to simulate the data sets analyzed in Fig. 3, a--i, is 
the simple Kimura model of nucleotide substitutions: there is one mutation rate for 
transitions and another for transversions, and in this case transitions are five times as 
common as transversions. This simple model is widely used because it approximates 
the pattern of evolution observed for many genes, in particular mammalian mitochon
drial genes (e.g., see Brown, Prager, Wang, and Wilson, 1982). Parsimony (Fig. 3 a), 
UPGMA (Fig. 3 g), and neighbor-joining using uncorrected distances (Fig. 3 d) are 
inconsistent under these conditions for trees in the upper left-hand corner of the 
graph, a region sometimes called the Felsenstein zone (for details of the regions of 
inconsistency for most major methods under these conditions, see Huelsenbeck and 
Hillis, 1993). The performance of most of the methods shown falls off at high rates of 
change and near the Felsenstein zone. The performance of parsimony is increased 
dramatically at higher rates of evolution by weighting the transversions more heavily 
than the transitions, or by simply ignoring the transitions altogether (Fig. 3, band c). 
Distance methods and parsimony can be made consistent by correcting the data in 
accord with the model of evolution. For this model, pairwise distance methods like 
neighbor-joining can be made consistent by correcting the distances as suggested by 
Kimura (1980); parsimony can be made consistent through a Hadamard transforma
tion (see Penny et al., 1992). If the model of evolution matches the correction exactly, 
as shown in Fig. 3 e for neighbor-joining with Kimura distances, then many methods 
are consistent throughout the parameter space (Penny et al., 1992). However, note 
that these corrections may have a minimal effect on the power of the technique, 
except within the region of former inconsistency (e.g., compare Fig. 3, d with e). At 
high rates of change, the area in which neighbor-joining with Kimura-corrected 
distances finds the correct tree is still small compared to the weighted parsimony 
method (compare Fig. 3, c with e). Moreover, essentially the same level of perfor
mance can be achieved using the Kimura distances with the Fitch-Margoliash 
method as with neighbor-joining, with the added advantage of discriminating ability 
with the Fitch-Margoliash approach (compare Fig. 3, e with f). Using the Kimura 
corrections actually decreases the performance of the UPGMA method, which has 
little power in any case (Fig. 3, g and h). Lake's method of invariants (Fig. 3 i) shows 
an extreme trade-off between consistency and power: the method is consistent over 
the entire parameter space under these conditions, but has very low power. Interest
ingly, if we modify the model slightly by changing the classes of common versus rare 
substitutions, thereby violating the assumptions of Lake's method of invariants, the 
power of the method actually increases, even though it also become inconsistent in 
upper left corner of the graph (Fig. 3 j). In contrast, a similar change of models has a 

variable nucleotide positions were included in all data sets. (A) Parsimony, all changes 
weighted equally; (B) transversion parsimony (transitions weighted zero); (C) weighted 
parsimony (transversions weighted five times more heavily than transitions); (D) neighbor
joining with uncorrected distances; (E) neighbor-joining with Kimura distances; (F) Fitch
Margoliash method with Kimura distances; (G) UPGMA with uncorrected distances; (H) 
UPGMA with Kimura distances; (/) Lake's method of invariants, all assumptions met; (J) 
Lake's method of invariants, mutation assumptions violated (see above); (K) neighbor-joining 
with Kimura distances, mutation assumptions violated (see above). For a description of all 
these methods, see Swofford and Olsen (1990). 
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comparatively little effect on the power of neighbor-joining (Fig. 3 k; although it too 
becomes inconsistent in part of the parameter space under these conditions). 

The challenge in the field of numerical simulations is to identify ways that more 
complex problems can be explored in a similarly unbiased manner. This requires that 
we specify the purposes of a set of simulations explicitly: once the problem is defined, 
the relevant parameter space will often be obvious. Unfortunately, for many of the 
problems we face, the necessary computations will be much more difficult than in the 
simple four-taxon problem discussed above. As the number of taxa increases, the 
number of possible phylogenies increases rapidly, even if we ignore the lengths of 
branches. For rooted bifurcating trees, the number of distinct, labeled topologies for 
n species is equal to 

n 

I1(2k- 3) 
k=2 

(Cavalli-Sforza and Edwards, 1967). Therefore, for just fifty taxa, there are 2.8 x 1076 

possible rooted bifurcating trees. Obviously, we can not examine every possible 
solution in such cases; even with a computer that could examine 1050 trees a second, 
it would take much more time to examine all the trees than has existed in the history 
of the universe! We can get around this problem to a large extent by developing 
efficient heuristic searching methods (see Swofford and Olsen, 1990; Swofford, 
1993), but the harder problems will still require major increases in computational 
power, such as those afforded by massively parallel computing (see W. D. Hillis and 
Boghosian, 1993). 

Experimental Phylogenies: Observing Evolution in Action 

The principal limitation in experimental phylogenies is producing the relevant levels 
of evolutionary change within a human life span (or more realistically, within the life 
span of a funded research project). This requires an organism with a short generation 
time and high mutation rate. Ideally, we would like to be able to control the spectrum 
of potential mutations, have the ability to examine a large fraction of the organism's 
genome (to avoid or explore problems of sampling bias), control population size over 
a wide spectrum, control and manipulate the organism's environment with ease (to 
examine the effects of selection), and culture the organism without great difficulty. 
All of these conditions are met most closely by viruses, and particularly bacte
riophages, the viruses of bacteria. 

Fig. 4 shows an actual and two estimated trees for an experimental phylogeny 
based on cultures of the bacteriophage T7 (see Hillis, Bull, White, Badgett, and 
Molineux, 1992). The T7 cultures were grown in the presence of a mutagen (in this 
case, nitrosoguanidine) to increase the rate of mutations. The mutational spectrum 
produced in such an environment is biased in favor of certain substitutions, but 
deletions occur as well. With nitrosoguanidine, many kinds of mutations occur, but 
the majority are transitions, especially G ~ A and C ~ T. This spectrum of 
mutations is similar to that observed in some natural systems that have been 
examined (e.g., mammalian genes and pseudogenes: Gojobori, Li, and Graur, 1982; 
Li, Wu, and Luo, 1984; human immunodeficiency viruses: Moriyama, Ina, Ikeo, 
Shimizu, and Gojobori, 1991). To create the phylogeny, an initial culture of bacteria 
plus bacteriophage is divided into three lineages (one of which will become the 
outgroup for purposes of rooting the tree), and then the lineages are redivided after 
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a predetermined number of lytic cycles. Stocks of ancestral cultures are saved at each 
cycle for later analysis. After the phylogeny has been created, DNA is isolated from 
the mutated lineages of T7 and analyzed by restriction digestion, sequencing, or 
DNA-DNA hybridization. Different methods of phylogenetic analysis can then be 
used to estimate the phylogeny, the branch lengths, and the genotypes of the 
ancestors, and in each case evaluated against the true tree and actual ancestors. 

What are the results of such experiments? An analysis of a set of just over 200 
restriction sites that are variable among the lineages produces the correct phylogeny 
with almost every method tested to date. However, if one uses the presence or 
absence of restriction fragments as the primary data, instead of mapping out the sites 
for analysis, then every method returns the incorrect phylogeny. Restriction frag
ment analyses are troublesome because restriction fragments are not independent 
characters. There are two reasons for this. First, a single site gain causes one 
fragment to be lost and two other fragments to be gained, and second, a single 
deletion can cause changes to multiple fragments. However, it is often argued that 
mapping and aligning restriction sites may not be worth the extra effort (e.g., Bremer, 

Actual branch lengths 

a 

Estimated branch lengths: Parsimony 

Estimated branch lengths: UPGMA 

0 

Figure 4. An actual and two esti
mated trees for an experimental phy
logeny derived from bacteriophage 
T7 (Hillis et a!., 1992). The branch 
lengths are drawn proportional to the 
number of actual or estimated restric
tion-site changes. Both estimated 
trees produce the correct unrooted 
topology (the root is ambiguous, be
cause the ancestral node is a tri
chotomy), but parsimony produces 
much better estimates of branch 
lengths than does UPGMA. 

1991). Yet, in the seemingly ideal situation of the experimental T7 phylogeny, 
restriction sites always give the correct tree and restriction fragments always give the 
wrong tree, indicating that the problem with nonindependence is a severe one. This 
result has not been obvious from simulations, probably because simulations rarely 
include insertions or deletions in the models of nucleotide change. This result 
indicates that we need to improve our simulation models to include realistic 
frequencies of insertion-deletion events. 

As discussed earlier, the branching structure is not the only aspect of the tree we 
would like to estimate. Branch lengths are also of interest, as are the estimation of 
ancestral genotypes. For this phylogeny, as well as for simulations based on the kinds 
and distributions of mutations observed across the tree (Bull, Cunningham, 
Molineaux, Badgett, and Hillis, 1993), the character-based parsimony method 
produces significantly better estimates of branch lengths (estimated number of 
restriction-site changes) than do pairwise distance methods such as neighbor-joining 
or the Fitch-Margoliash method, and these latter methods produce significantly 
better estimates than does UPGMA. Fig. 4 compares the actual branch lengths (in 
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number of restriction-site changes) with the estimated branch lengths from parsi
mony and UPGMA. 

Of the common methods of phylogenetic analysis, only parsimony provides 
estimates of the ancestral character states at internal nodes in the tree (see 
Maddison and Maddison [1993) for an excellent discussion of the reconstruction of 
ancestral character states). How well does this method fair in this example? For any 
given restriction site, the estimated state in an ancestor may be (a) correctly inferred, 
(b) incorrectly inferred, or (c) ambiguous (i.e., the presence or absence of the site is 
equally parsimonious). When we compared the inferred restriction maps to the 
actual restriction maps for the seven ancestral nodes in the model phylogeny, we 
found that the inferred restriction maps were > 98% correct. This finding indicates 
that the method for reconstructing ancestral character states is working well under 
the conditions tested. 

To what extent can we generalize these findings from a study of bacteriophage to 
other organisms? Phylogenetic methods are purported to be general for living 
organisms, so any organism should therefore provide a test of the fallibility of the 
methods. Some findings, such as the efficiency of reconstructing ancestral genotypes, 
will be dependent on the level of homoplasy (reversals, parallelisms, convergences) 
present across the phylogeny. In the case presented above, the level of homoplasy 
present in the tree was almost exactly the average of that seen in real examples in the 
literature for the same number of taxa and characters (Hillis, Bull, White, Badgett, 
and Molineux, 1993; data on other organisms in Sanderson and Donoghue, 1989). 
Obviously, there is a need to examine other tree topologies, the effects of highly 
unequal branch lengths on the performance of the various methods, the effects of 
parallel selection pressures on different parts of the tree, the effects of other 
mutational spectra, the effects of population size, and many other aspects of 
evolution that potentially affect our ability to reconstruct phylogenies. This is a 
strength of experimental phylogenies: all of these aspects of phylogenies can be 
studied, without detailed a priori knowledge of the underlying mechanisms. In fact, 
the studies also can provide first-hand information on the processes of molecular 
evolution. Experimental phylogenies can (and do) provide actual examples of the 
failure of certain methods, as in the use of restriction fragment analysis in the 
example above. Such findings can be used to improve the methods or to identify 
conditions under which they should not be applied. 

How Do the Major Methods Rate? 

It should be clear that no single method is optimal for all of the criteria we have 
identified. As with most things in life, there are trade-offs. Thus, the methods that 
are fastest produce just a single estimate of the tree, without any obvious way to 
compare or rank the alternatives (i.e., they have very low discriminating ability); fast 
methods also tend to be less powerful. Methods that are fully consistent under a 
specific model of evolution are usually less versatile (e.g., they only apply to certain 
kinds of data). We have attempted to rank the most commonly used methods for the 
assessment criteria identified earlier (see Table I). These rankings are somewhat 
subjective, and we recommend that interested readers refer to the primary literature 
on simulations and experimental phylogenies to make their own rankings. Also note 
that these methods are constantly being modified and refined, so the rankings may 
change over time. This is particularly true for the maximum likelihood methods, 
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which have increased dramatically in speed and versatility in recent years (our 
rankings for maximum likelihood reflect the current common implementations 
rather than the full potential of the method). 

Which method is finally selected will depend to a large extent on the goals of the 
study: neighbor-joining is perfectly adequate for a fast, initial estimate of a tree, even 
though it is useless for comparing and ranking alternative solutions. For most studies, 
one of three classes of methods will usually be most appropriate: Fitch-Margoliash 
and related methods (including the minimum evolution method), parsimony meth
ods, or maximum likelihood. Fitch-Margoliash and related methods specify an 
optimality criterion for fitting observed pairwise distances to path-length distances 
on trees. The optimality criterion can be assessed for any tree, and the methods are 
relatively insensitive to variations in branch lengths across the tree. They are 
currently somewhat limited in their power and versatility by the simplistic models 
that are used to compute evolutionary distances (e.g., it is difficult to incorporate 
different weights for different characters or types of character change into the 

TABLE I 
Comparison ofthe Most Commonly Used Methods of Phylogenetic Analysis 

Criterion 

Method Consis- Robust- Discrimi-
Speed Power Versatility 

tency ness nation 

UPGMA ++ 
Neighbor-joining ++ + ++ + + 
Fitch-Margoliash 

(and related methods) + + ++ + ++ + 
Parsimony methods + ++ + + ++ ++ 
Methods of invariants + ++ + ++ 
Maximum likelihood 

(as currently implemented) ++ ++ :!:: ++ :!:: 

Key:++, excellent;+, good; and-, poor. 

analyses, and it is difficult to combine analyses of different kinds of data into a single 
analysis). Parsimony methods correct these deficiencies, but at a cost of lower overall 
consistency for simple models of evolution. Parsimony methods are the most 
versatile approaches: they can be applied to all kinds of data, can easily incorporate 
differential weights for different character-state changes or for entire characters, are 
amenable to combination of results among studies, and provide accurate reconstruc
tions of branch lengths and ancestral character states. As shown in Fig. 3, this 
versatility (e.g., character-state weighting) can lead to increased power. Although 
parsimony methods are consistent under more limited conditions than some other 
approaches, this limitation has been lifted to some extent by recent developments 
(for more information, see discussion of the Hadamard transformation in Penny et 
al., 1992). Finally, maximum likelihood methods are likely to undergo the most 
development in coming years. Their use has been limited because they currently are 
too slow to be applied to many real world data sets, and because they are not very 
versatile (for instance, they currently are limited primarily to substitutional changes 
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in DNA sequences). However, their versatility is being constantly improved, and they 
are useful methods when they can be applied because of their high power, consis
tency, and discriminating ability. 

References 
Bremer, B. 1991. Restriction data from chloroplast DNA for phylogenetic reconstruction: Is 
there only one accurate way of scoring? Plant Systematics and Evolution. 175:39-54. 

Brooks, D. R., and D. A. McLennan. 1991. Phylogeny, Ecology, and Behavior: A Research 
Program in Comparative Biology. University of Chicago Press, Chicago. 434 pp. 

Brown, W. M., E. M. Prager, A. Wang, and A. C. Wilson. 1982. Mitochondrial DNA sequences 
in primates: tempo and mode of evolution. Journal of Molecular Evolution. 18:225-239. 

Bull, J. J., C. W. Cunningham, I. J. Molineux, M. R. Badgett, and D. M. Hillis. 1993. 
Experimental molecular evolution of bacteriophage T7. Evolution. 4 7:993-1007. 

Cavalli-Sforza, L. L., and A. W. F. Edwards. 1967. Phylogenetic analysis: models and 
estimation procedures. Evolution. 21:550-570. 

Felsenstein, J. 1978. Cases in which parsimony and compatibility methods will be positively 
misleading. Systematic Zoology. 27:401-410. 

Gojobori, T., W.-H. Li, and D. Graur. 1982. Patterns of nucleotide substitution in pseudo
genes and functional genes. Journal of Molecular Evolution. 18:360-369. 

Harvey, P. H., and M. D. Pagel. 1991. The Comparative Method in Evolutionary Biology. 
Oxford University Press, Oxford. 239 pp. 

Hillis, D. M., and D. M. Green. 1990. Evolutionary changes of heterogametic sex in the 
phylogenetic history of amphibians. Journal of Evolutionary Biology. 3:49-64. 

Hillis, D. M., and C. Moritz, editor. 1990. Molecular Systematics. Sinauer Associates, Inc., 
Sunderland, MA. 588 pp. 

Hillis, D. M., J. J. Bull, M. E. White, M. R. Badgett, and I. J. Molineux. 1992. Experimental 
phylogenetics: generation of a known phylogeny. Science. 255:589-592. 

Hillis, D. M., and J. P. Huelsenbeck. 1992. Signal, noise, and reliability in molecular 
phylogenetic analyses. Journal of Heredity. 83:189-195. 

Hillis, D. M., J. J. Bull, M. E. White, M. R. Badgett, and I. J. Molineux. 1993. Experimental 
approaches to phylogenetic analysis. Systematic Biology. 42:90-92. 

Hillis, W. D., and B. M. Boghosian. 1993. Parallel scientific computation. Science. 261:856-
863. 

Huelsenbeck, J. P., and D. M. Hillis. 1993. Success of phylogenetic methods in the four-taxon 
case. Systematic Biology. 42:247-264. 

Kimura, M. 1980. A simple method for estimating evolutionary rate of base substitutions 
through comparative studies of nucleotide, sequences. Proceedings of the National Academy of 
Sciences, USA. 78:454-458. 

Li, W.-H., C.-I. Wu, and C.-C. Luo. 1984. Nonrandomness of point mutation as reflected in 
nucleotide substitutions in pseudogenes and its evolutionary implications. Journal of Molecular 
Evolution. 21:58-71. 

Maddison, W. P., and D. R. Maddison. 1992. MacCiade: Analysis of Phylogeny and Character 
Evolution. Sinauer Associates, Inc., Sunderland, MA. 398 pp. 



Accuracy of Phylogenetic Methods 67 

Moriyama, E. N., Y. Ina, K. Ikeo, N. Shimizu, and T. Gojobori. 1991. Mutation pattern of 
human immunodeficiency virus genes. Journal of Molecular Evolution. 32:360--363. 

Nei, M. 1991. Relative efficiencies of different tree-making methods for molecular data. In 
Phylogenetic Analysis of DNA Sequences. M. M. Miyamoto and J. Cracraft, editors. Oxford 
University Press, Oxford. 

Olsen, G. J. 1987. Earliest phylogenetic branchings: comparing rRNA-based evolutionary 
trees inferred from various techniques. Cold Spring Harbor Symposia in Quantitative Biology. 
52:825-837. 

Ou, C.-Y., C. A. Ciesielski, G. Myers, C. I. Bandea, C.-C. Luo, B. T. M. Korber, J. I. Mullins, 
G. Schochetman, R. L. Berkelman, A. N. Economou, J. J. Witte, L. J. Furman, G. A. Satten, 
K. A. Macinnes, J. W. Curran, and H. W. Jaffe. 1992. Molecular epidemiology of HIV 
transmission in a dental practice. Science. 256:1165-1171. 

Penny, D., M. D. Hendy, and M. A. Steel. 1992. Progress with methods for constructing 
evolutionary trees. Trends in Ecology and Evolution. 7:73-79. 

Sanderson, M. J., and M. J. Donoghue. 1989. Patterns of variation in levels of homoplasy. 
Evolution. 43:1781-1795. 

Swofford, D. L. 1993. PAUP 3.1: Phylogenetic Analysis Using Parsimony. Illinois Natural 
History Survey, Champaign, IL. 

Swofford, D. L., and G. J. Olsen. 1990. Phylogeny reconstruction. In Molecular Systematics. 
D. M. Hillis and C. Moritz, editors. Sinauer Associates, Inc., Sunderland, MA. 



Chapter 2 

Genome Organization and the Generation of 
Diversity 



Transposable Elements and the Evolution of 
Heterochromatin 

Allan C. Spradling 

Howard Hughes Medical Institute Research Laboratories, Department 
of Embryology, Carnegie Institution of Washington, Baltimore, 
Maryland 21210 

Drosophila P elements were shown to insert frequently into telomeric and centro
meric heterochromatin, and to prefer a region associated with efficient copy number 
regulation. Upon excision, P elements frequently altered the number of repeats in a 
tandem array of heterochromatic sequences, by inducing unequal gene conversion. 
These studies suggest that a flux of transposable element insertions and excisions has 
the capacity to rapidly and nonrandomly modify heterochromatic sequences dis
persed at multiple chromosomal sites. We propose that transposable elements 
maintain genomic heterochromatin in a state of dynamic equilibrium and drive its 
rapid evolution. 

Introduction 
It is fashionable to view evolution as occuring so slowly that it can only be understood 
in historical rather than mechanistic terms. However, genomes sometimes change 
relatively rapidly in response to well understood forces. The evolution of domesti
cated plants (Doebley, 1993), of drug-resistant bacteria (Falkow, 1975) and the 
adaptation of mosquitos to new microenvironments associated with human habita
tion (Coluzzi, Sabatini, Petrarca, and DiDeco, 1979) all provide instructive ex
amples. Surprisingly, rapid but small evolutionary changes are frequently associated 
with disproportionately large modifications in chromosome structure. Even closely 
related species often differ substantially in repetitive DNAs that make up visible 
heterochromatic blocks on metaphase chromosomes. Such changes in repetitive 
DNAs have largely been ignored, and are usually assumed to be irrelevant to 
underlying selective forces. In this paper we consider how transposable elements, the 
known agents of some selectively important changes, may concomitantly control 
seemingly insignificant modifications in genome and chromosome structure. 

Heterochromatin constitutes a poorly defined and enigmatic component of 
virtually all eucaryotic genomes (reviewed in Verma, 1988). Heterochromatic regions 
are rich in repetitive sequences, contain genes only infrequently, and often constitute 
large blocks near chromosome centromeres and telomeres. While heterochromatic 
sequences have been viewed as junk (Orgel and Crick, 1980), they include nucleolus 
organizers, telomeres, centromeres, and elements that interact with specific euchro
matic genes (reviewed in Pardue and Hennig, 1990; Gatti and Pimpinelli, 1992). 
Many heterochromatic regions evolve rapidly (White, 1973), and are frequently 
polymorphic within populations. Genetic drift (see Kimura, 1983) and transposition 
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(see Steinemann and Steinemann, 1992) are among the process that have been 
proposed to contribute to changes within heterochromatin. 

Our studies have been motivated by the idea that transposable elements play a 
crucial role in creating, maintaining and modifying the heterochromatic regions of 
eucaryotic plant and animal genomes. In principle, if one could remove all the 
heterochromatin from a eucaryotic genome and provide only a single active copy of 
each transposable element family, we would expect that within a few hundreds of 
generations, complete and defective elements would have proliferated, and their 
rate of transposition would have declined greatly due to element-encoded and 
cellular regulatory processes. Concomitantly, heterochromatin-like regions would 
have begun to appear on the chromosomes as a consequence of transposon-catalyzed 
insertions and rearrangements. Subsequent perturbation of the regulatory balance, 
for example by chromosome rearrangement, would transiently reactivate affected 
transposons, however their activity would decline as soon as a new regulatory 
equilibrium was approached. Dynamic responses of eucaryotic genomes to chromo
some rearrangements, including the activation of dormant transposable elements, 
have long been documented (reviewed in McClintock, 1984 ). 

Approximately 25% of the Drosophila melanogaster genome falls into the 
category of heterochromatin, and nearly 10% is composed of transposable elements 
(see Rubin and Spradling, 1981; Finnegan and Fawcett, 1986). Two transposons have 
recently been shown to protect the ends of Drosophila chromosomes from progres
sive shortening (Biessmann, Valgeirsdottir, Lofsky, Chin, Ginther, Levis, and Par
due, 1992; Levis, Ganesam, Houtchens, Tolar, and Sheen, 1993). Both the HeT and 
TART elements are located exclusively at chromosome termini and on the Y 
chromosome. The structure of Drosophila telmomeres can be explained by frequent 
retrotranspositions of HeT and TART elements onto free chromosome ends in a 
fixed orientation. HeT addition events of this kind have been observed onto the ends 
of terminally deleted chromosomes, strongly supporting their proposed role in 
telomere maintenance. Therefore, Drosophila telomeres provide an instructive 
model of the sort of actions we propose transposons exert on heterochromatin 
generally. 

The P element has provided particular insight into how transposable elements 
behave and how they are regulated. The introduction of single active P elements into 
naive Drosophila strains results in the proliferation and eventual stabilization of 
element copy number (Daniels, Clark, Kidwell, and Chovnik, 1987; Preston and 
Engels, 1989). Before transposition, P element excision generates a double stranded 
break that recombines with homologous sequences located on the sister strand, the 
homolog or at an ectopic site (Engels, Johnson-Schlitz, Eggleston, and Sved, 1990; 
Gloor, Nassif, Johnson-Schlitz, Preston, and Engels, 1991 ). The properties of P 
elements have made them powerful tools for characterizing and manipulating the 
Drosophila genome (Cooley, Kelley, and Spradling, 1988). We have utilized geneti
cally marked P element to learn more about the structure of Drosophila heterochro
matin and to provide specific information on how this element interacts with 
heterochromatic sequences. Our results support the idea that transposable elements 
play a major part in the evolution of this ubiquitous genomic component. Of course, a 
full understanding of the roles played by transposons will require that the structure, 
function and regulation of each transposable element family within eucaryotic 
genomes, like each stable gene, be determined. 
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Experimental Procedures 
Genetic Strains 

71 

P element insertions into the Dp1187 minichromosome were obtained as described 
in Karpen and Spradling (1992). Terminal deficiencies were subsequently recovered 
by remobilizing insertion 0801 (Tower, Karpen, Craig, and Spradling, 1993) or 8002 
(Zhang and Spradling, 1993). All strains were propagated at room temperature on 
standard Drosophila medium (Ashburner, 1990). 

In Situ Hybridization to Mitotic Chromosomes 

P element insertions were localized by in situ hybridization using biotinylatyed 
probes complementary to the PZ transposon. Mitotic chromosomes were prepared 
from the brains of third instar larvae and hybridized as described by Zhang and 
Spradling (1994). 

DNA Blots 

Southern transfers and hybridization with DNA probes was as described in Tower et 
a!. (1993). 

Results 
Transposable Elements and Heterochromatin Structure 

The Drosophila melanogaster genome contains at least 50 families of transposable 
elements that together comprise an estimated 5-10% of genomic DNA (reviewed in 
Berg and Howe, 1989). The heterochromatic chromosome regions are particularly 
rich in transposable element sequences and transposon-specific probes frequently 
label the polytene chromocenter in situ. Based on the structure and apparent 
immobility of some resident elements, heterochromatin has been thought of as a 
"sink" or "graveyard" for transposons that became trapped and subject to degenera
tion (see for example, Steinemann and Steinemann, 1992). Attempts to investigate 
alternative possibilities are limited by the poorly characterized structure of hetero
chromatic chromosome regions and the lack of methods to mutate (all copies of) 
dispersed, repetitive sequences. Consequently, we have attempted to simplify the 
problem by studying the behavior of a single family of transposons, Drosophila P 
elements, under conditions where the activity of other elements was minimized. 

P Elements Insert Readily into Diverse Heterochromatic Regions 

Transposable elements that influenced the structure and evolution of heterochroma
tin would be expected to have the ability to insert within heterochromatic regions. In 
the past, heterochromatic P element insertions have proved difficult to document 
(see Engels, 1989). However, using a P element marked with the rosy+ eye color 
marker (called PZ), we have observed recently that insertions into both centromeric 
and telomeric heterochromatin occur frequently (Figs. 1 and 2; Karpen and Spra
dling, 1992; Zhang and Spradling, 1994). 

Several obstacles made it difficult to document P element insertion events in 
centromeric heterochromatin. These genomic regions are underrepresented in 
polytene salivary gland cells (reviewed in Spradling and Orr-Weaver, 1987), so 
mitotic chromosomes must be used when localizing insertions by situ hybridization. 
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Figure 1. P elements insert in Drosophila heterochromatin. (A) Localization of the CH(3)148 
insertion in chromosome three centromeric heterochromatin by in situ hybridization to mitotic 
chromosomes. The hybridization of the PZ probe in region h49-h50 is shown on the upper 
chromosome, along with cross-hybridization to the rosy locus (ry ), and hybridization from a 
control probe that labels the tip of the right arm (3R ). Below, the staining pattern of the same 
chromosome with the dye DAPI was used to align the hybridization signal with the major 
heterochromatic bands (i.e., h48-h56). (B) Summary of sites of heterochromatic P element 
insertion. The diagrams show the heterochromatic regions of three major Drosophila 
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Figure 2. (A) A P element insertion hotspot in subtelomeric heterochromatin. The structure 
of the minichromsome Dp1187 is shown above (heterochromatin, open boxes; euchromatin, 
thick line), and a 10-kb region located 40-50 kb from the distal (left) telomere is expanded 
below. The positions of 37 independent insertions of the PZ element are indicated by dashed 
lines. The orientation of the PZ insertions (which differ for those shown above and below the 
line) is diagrammed at the left. The insertions lie within 3.1 tandem repeats of a subtelomeric 
repetitive element called TAS. The location of three 173-bp subrepeats within each TAS 
element is indicated by arrows (173 repeats), and of HeT DNA by a shaded box. Modified from 
Karpen and Spradling (1992). 

Furthermore, genes juxtaposed within or near to centromeric heterochromatin 
undergo position-effect variegation (reviewed in Karpen, 1994), so the expression of 
marker genes carri~d into heterochromatin by integrating P elements may be 
repressed. Table I summarizes experiments that monitored the movement of ro.ry+ P 
elements, and revealed that position effects are the primary reason insertions into 
centromeric and Y chromosome heterochromatin have rarely been recovered. When 
jumping was carried out without suppressing position-effect variegation, no lines 
were recovered in autosomal centromeric heterochromatin or on theY chromosome 
(except near its telomeres). In contrast, when position-effect variegation was sup
pressed by the presence of an extra Y chromosome, 2-7% of all transpositions were 
recovered at a wide variety of different heterochromatic sites (Zhang and Spradling, 
1994; Fig. 1 ). 

chromosomes: 2, 3, and Y. Dashed lines indicate junctions with euchromatin, while the open, 
shaded and black regions represent the mitotic chromosome banding pattern within 
heterochromatin (see Ashburner, 1990). The locations, determined by in situ hybridization as 
in A, of the single transposed P elements in lines containing heterochromatic insertions are 
indicated below (Zhang and Spradling, 1994). 
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These experiments also contradicted the common view that heterochromatic 
insertions represent a dead-end pathway that traps elements and leads to their 
ultimate degeneration. Genes inserted in heterochromatin are thought to become 
compacted and unavailable for binding by transcription factors and other proteins 
necessary for expression. A highly compacted state would be expected to preclude 
access by transposase, and immobilize elements inserted in heterochromatin. Inser
tion 95-2 (Fig. 1) exhibited an extremely strong position effect on rosy+ expression; 
even the addition of an extra Y chromosome was insufficient to produce a rosy+ 
phenotype. However, the 95-2 insertion and those at seven other heterochromatic 
sites transposed at essentially normal rates (Zhang and Spradling, 1994; Tower et al., 
1993). Therefore, the mechanisms that suppress gene transcription from heterochro
matic regions do not block P element transposition. Perhaps compaction does not 
occur in the germline cells where transposition takes place, or is insufficient to 
impede access by transposase. Alternatively, some mechanism other than general
ized compaction may cause heterochromatic position effects. 

TABLE I 
Transposition of PZ Elements Located at Different Starting Sites* 

Starting site* Suppression§ Total II Telomeric 
Y het~ 

X (euchromatic) 7,825 24 (0.3%) 
X (euchromatic) + 496 2 (0.4%) 
Y (heterochromatic) + 279 3 (1%) 

Centromeric 
or internal Y 

heterochromatic** 

0 (0%) 
8 (2%) 

19 (7%) 

*Data from Karpen and Spradling (1992) and Zhang and Spradling (1994). 
*X (euchromatic) a euchromatic site on the X; Y (heterochromatic) the heterochromatic 95-2 
site (see Fig. 1). 
§Transpositions scored in the presence(+) or absence (-) of an extra Y chromosome to 
suppress position effect variegation. 
liN umber of independent transpositions analyzed. 
~Number of insertions that mapped near Y chromosome telomeres by in situ hybridization. 
**Number of insertions that mapped to autosomal centromeric heterochromatin, or internally 
on theY chromosome by in situ hybridization. 

Preferential Insertion into a Heterochromatic Region Mediating P Element 
Repression 

Additional studies of P element transposition utilized the Dp1187 minichromosome, 
a 1300 kb X-chromosome derivative rich in heterochromatin (Karpen and Spradling, 
1990, 1992). PZ elements inserted at high frequency into a 4.7-kb subtelomeric 
region of Dp1187located -40 kb from the chromosome terminus (Fig. 2). Insertions 
within this same "hotspot" have been seen to occur frequently in wild Drosophila 
populations (Ajoika and Eanes, 1989; Ajoika, 1987). The presence of only two 
complete P elements in this site can strongly suppress P element transposition in 
trans (Ronsseray, Lehman, and Anxolabehere, 1991). Comparable repression has 
never been observed when P elements were inserted at euchromatic sites, even when 
the elements were engineered to express high levels of P element proteins (Rio, 
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1991). Thus, P elements insert efficiently into telomeric as well as centromeric 
heterochromatin, and prefer at least one site that is unusually active in repressing 
their own transposition. 

The association of a heterochromatic P element insertion hotspot with repres
sion was consistent with the dynamic equilibrium model discussed previously. If the 
1A site plays an important role in controlling P element transposition, rearrange
ments that disrupt this site might lead to increased P element activity. Equilibrium 
would be restored when a new transposition reversed the damage to the 1A site, or 
caused an element to insert into another repressive location. It will be particularly 
interesting to test the ability of complete P elements to mediate repression when 
located at defined sites within centromeric heterochromatin. Evidence that hetero
chromatic elements are involved in the repression of several other transposable 
elements, including the I factor (Bucheton, 1990) has been reported. 

Transposable Element Activity May Drive the Concerted Evolution of 
Tandemly Repetitive DNA Sequences 

The presence of tandemly repeated sequences is a hallmark of heterochromatin. 
However, relatively little is known at present what factors are responsible for 
generating and maintaining this type of sequence organization. The observation that 
repetitive DNA evolves in a concerted fashion (Brown, Wensink, and Jordan, 1972) 
argues that individual repeat copies within tandem arrays are corrected against one 
another by unequal sister chromatid exchanges (Smith, 1973; Petes, 1981) or gene 
conversions (Dover, 1982). Although extensive theoretical studies have been carried 
out, actual correction events within the repetitive DNA sequences of multicellular 
eukaryotes had not been detected. Consequently, the times in germline development 
when corrections take place (meiosis?), and the possible existence of specific biases 
that might drive array lengths in particular directions remain unknown (reviewed by 
Dover, 1993). 

Studies of P element behavior suggested that tandem arrays could be generated 
and maintained by transposable elements. P elements have a nonrandom tendency to 
insert very close to their starting site, a property called "local jumping" (Tower et al., 
1993; Zhang and Spradling, 1993). Very frequently, such local transposition events 
create tandem or inverted repeats of the starting transposon. Slippage during gap 
repair after excision has also been observed to give rise to partially duplicated 
segments (Gloor et al., 1991). Once initiated, tandem repeats might expand by a 
variety of recombination mechanisms. A large tandem array of P element sequences 
has arisen in Drosophila guanche (Miller, Hagemann, Reiter, and Pinsker, 1992). 

We investigated whether P element excision from a short tandem array could 
alter its repeat copy number (Thompson-Stewart, Karpen, and Spradling, 1994). PZ 
elements inserted within 1.8 kb "TAS" elements that make up the Dp1187 hotspot 
(Fig. 2) were mobilized. The structures of the TAS arrays in 400 progeny that 
retained a PZ element were analyzed by Southern blotting, and by cloning and 
sequencing the 5' P element junctions. In 12 cases, only two 1.8-kb repeats remained 
whereas in another line, five copies had been generated. Changes in the copy number 
of a 173-bp subrepeat located at the insertion site were also observed (see Fig. 2, 173 
repeats). Unexpectedly, a large fraction of the derivatives had undergone a local 
transposition as well as a change in T AS repeat copy number. 
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Figure 3. P element activity alters the copy number of tandem ely repeated TAS sequences. A 
PZ element located within the subtelomeric hotspot in strain 9901 (see upper line, Tower et a!., 
1993) was activated and derivatives were examined to determine if the copy number of the 
TAS repeats had been altered. The figure shows the structure (bottom line) and the proposed 
derivation of one such line, 9-035. The model involves the following steps: (1) the starting 9901 
chromatid undergoes replication to generate two identical sister chromatids. The P element 
excises from one of the sisters leaving a double strand break (shown below as a gap) and 
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These derivatives could be explained by a gap repair model in which the broken 
ends created by P element excision invade homologous sequences on the sister 
strand (Fig. 3). However, the absence of more arrays with copy number increases, 
and the high frequency of local transpositions among the recovered products 
suggested that the two broken ends usually invaded the same repeat copy. Exonucle
ase trimming before invasion was probably responsible for the reductions in T AS 
copy number. These results support the idea that transposon activity plays a role in 
generating and maintaining the many tandemly repeated sequences associated with 
heterochromatin (Thompson-Stewart et al., 1994 ). 

Discussion 

Transposable Elements May Play a Major Role in Heterochromatin 
Evolution 

The properties of P elements discussed above are consistent with the proposal that 
transposable elements generate and maintain genomic heterochromatin. Such a 
mechanism would explain why heterochromatin is a nearly ubiquitous component of 
eucaryotic genomes, why it is rich in transposon sequences, and why heterochromatic 
chromosome regions are frequently polymorphic in populations and evolutionarily 
labile. 

The variability of heterochromatic regions probably arises from several different 
sources. Even in the repressed state characteristic of wild P strains, a low level of P 
element transposition still takes place. Thus, sequences molded by transposon 
activity would continue to diverge at a significant basal rate. Such events would 
increase following depression of one or more transposon families by chromosome 
rearrangement, gene mutation or other factors. Under conditions of strong selection, 
this variability might prove highly advantageous. Transposons are known to be of 
selective value in bacteria (Hartl, Dykhuizen, Miller, Green, and DeFramond, 1983; 
Chao and McBroom, 1992). 

The introduction of new transposon families represents an unpredictable and 
essentially irreversible source of additional variation. Transposons appear to be 
transferred between insect species at high frequency. For example, a variety of 
evidence shows that Drosophila melanogaster has acquired at least three new families 
of transposable elements (P, hobo, and I) within the last 50 yr (see Kidwell, 1994). 
Phylogenetic studies of the mariner family reveal many examples of horizontal 
transmission (Robertson and MacLeod, 1993 ). Because the incoming elements are 
likely to carry with them intrinsic site specificites, tissue specificities and regulatory 
properties, they would be expected to drive the evolution of the resident genome in 
nonrandom directions. 

Subtelomeric Heterochromatin 

The subterminal regions of different Drosophila chromosomes vary in length, and 
also frequently differ between individuals (Roberts, 1979). The X chromosome 

transposes locally into the third 173-bp repeat of the third TAS repeat (thin arrow). (2) The 
double strand break is expanded by exonuclease, and the two ends subsequently invade 
homologous sequences (arrows) within the second TAS repeat. After the completion of repair, 
the observed structure of the region in line 9-035 would result. 
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contains the largest block of subtelomeric heterochromatin of any characterized tip 
region, as much as 100 kb on Dp1187 (Karpen and Spradling, 1992; our unpublished 
observations). In contrast, the first gene lies only -15 kb from the tip of chromosome 
3R (Levis et al., 1993). Terminal retrotransposon additions generate a significant 
fraction of telomeric heterochromatin. They make up the first 10 kb of 3R DNA and 
may account for the first 40 kb ofDp1187. It is not known how elements like HeT and 
TART recognize chromosome termini, or whether the rate of addition is controlled 
in any manner. Besides adding directly at the chromosome end, transpositions of 
other elements can introduce DNA sequences at subterminal sites (Fig. 2), and 
transposon-catalyzed changes in the copy number of subterminal tandem arrays may 
also help mold the structure of subterminal heterochromatin. 

Large differences in telomeric heterochromatin within populations (Atractomor
pha simi/is: John and King, 1983) or between closely related species (Parascaris 
equorum vs Parascaris univalens; Goday and Pimpinelli, 1986; Cyclops divulsus vs 
Cyclops strenuus; Beermann, 1977) might reflect changes in any of these mechanisms. 
Anopheles melas contains an X chromosome heterochromatic arm at least three 
times longer than that in any of the other members of the Anopheles gambiae complex 
(Coluzzi et al., 1979). The introduction of a new telomere-preferring transposable 
element into a species by horizontal transfer might be responsible for particularly 
dramatic growth in telomeric blocks. In Drosophila, at least one phenotypic effect, 
the suppression of meiotic recombination, is associated with telomeres, although the 
mechanism of inhibition is unknown. Interestingly, the larger block of subtelomeric 
heterochromatin present on the X chromosome is correlated with suppression of 
recombination over a longer distance compared to autosomal termini. 

Concerted Evolution of Repetitive DNA 

Our experiments indicated that transposable element activity might be an important 
factor driving the concerted evolution of repetitive DNA. Tandemly repeated DNAs 
are frequently found within recognizable heterochromatic blocks. For example, 
nucleolus organizers are almost invariably located within heterochromatin, while 
Xenopus 5S gene clusters are associated with the telomeres (Callan, Gall, and Berg, 
1987). The copy number and chromosomal location of the repeated genes for 
ribosomal and 5S RNA vary widely between species. Transposons may generate 
variations in copy number that can be acted upon by selection, and even drive copy 
number changes in a directed manner. 

The ribosomal DNA of insects provides a particularly interesting example of 
tandemly repeated DNA that may be subject to these mechanisms. Most insect 
species contain several hundred rONA genes that are invariably located in hetero
chromatic tandem arrays. Two families of non-LTR retrotransposons, R1 and R2, 
are present at specific sites within the 28S gene of many rONA repeats; genes 
containing insertions are inactive. The number of rONA genes containing and 
lacking insertions varies widely between species and within populations (Jakubczak, 
Burke, and Eickbush, 1991; Jakubczak, Zenni, Woodruff, and Eickbush, 1992). The 
induction of double-strand breaks by the R2 integrase protein (Xiong and Eickbush, 
1988) may be associated with new transpositions as well as gene conversions 
changing both rONA repeat copy number, and the fraction of genes that can become 
active. Variation in the number of active genes appears to be of adaptive value in D. 
mercatorum populations (Templeton, Hollocher, Lawler, and Johnston, 1989). Flies 
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with a low number of active rDNA genes develop more slowly and would be expected 
to lay eggs at a reduced rate. 

The presence of elements with extremely high site specificity such as R1 and R2 
is particularly interesting. Changes in the regulatory circuits affecting these elements 
might affect the number of active rDNA genes specifically. Transposons have been 
observed in several other tandemly repetitive DNAs, including Drosophila histone 
genes (Matsuo and Yamazaki, 1989). It is not known if these elements contribute to 
variations in gene number and activity like the R1 and R2 elements. 

Transposon activity is likely to influence the evolution of euchromatic gene 
families as well. DNA sequencing has revealed evidence of frequent gene conversion 
events among multigene family members, such as those encoding immunoglobulin or 
MHC proteins (Kawamura, Saitou, and Ueda, 1992; Kuhner and Peterson, 1992). 
Our results suggest that transposable elements capable of inserting and excising from 
the chromosome regions in question may play a role in their concerted evolution. 
Those segments subject to frequent transposon insertion would be expected to show 
the highest amounts of conversion. 

Don't We Know Already That Transposable Elements Are Unimportant for 
Evolution? 

It has been argued that transposable elements play a relatively minor role in 
evolution (reviewed in Charlesworth and Langely, 1989). However, these studies 
have primarily addressed only one possible role for one class of transposable 
elements (the copialike retroelements), i.e., that they integrate near euchromatic 
genes and modify their regulation. Failure to identify evolutionarily successful 
integrations as sites of transposon in situ hybridization at fixed chromosomal 
positions can only eliminate the existence of very recent events of this type. Many 
other possible functions of transposons can never be addressed simply by mapping 
the sites of transposons within euchromatin or by analyzing their DNA sequences. 
HeT and TART transposons now appear to maintain Drosophila telomeres (see 
Levis et al., 1993), and heterochromatic elements have been proposed to modify 
chromosome and nuclear structure (see Spradling, 1993). Because the dispersed, 
multicopy nature of most transposons renders it is virtually impossible to eliminate 
their RNAs and proteins by mutation, we have no effective way to determine whether 
transposon-encoded products function during the organismal life cycle. Conse
quently, it remains plausible that transposons play a significant role in organismal 
development and evolution. 

Are Changes in Heterochromatin Directly Selected or Side Effects? 

This raises two possible reasons for the success of organisms bearing new transposon
mediated changes in heterochromatin. Selection might favor an organism bearing a 
new or reactivated transposon family that modified the copy number or expression of 
useful genes. Changes in heterochromatin structure might have resulted as well, 
simply as a byproduct of increased transposition. For example, the introduction of 
new transposon families at various times during the evolution of the Anopheles 
gambiae species complex may have generated the multiple chromosome inversions 
that characterize the six morphologically indistinguishable species (Coluzzi et al., 
1979). These may have led to physiological changes that permitted adaptation to 
specific microenvironments. As a byproduct of these events, a transposon specific to 
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A. melas may have induced the large increase in its X chromosome heterochromatin. 
Alternatively, different configurations of heterochromatic sequences may modify 
chromatin structure in such a manner as to have been directly selected. 

Further Studies of Transposable Elements and Heterochromatin Are 
Needed 

We have shown that P elements have a variety of properties that are consistent with a 
role in generating heterochromatin and maintaining it in a state of dynamic equilib
rium. Obviously, the functions of transposable elements need to be tested further 
and more directly. For example, it would be worthwhile to create strains containing 
one or more marked defective "responder" P elements that are maintained in a 
repressed state by a small number of differentially marked "repressor" elements 
located at special heterochromatic sites such as the X chromosome tip. The effects of 
chromosome rearrangements and of mutating cellular genes could then be deter
mined by looking for activation of transposition and altered marker gene expression. 
The genetic interactions between multiple families of transposable elements and the 
host genome are undoubtedly complex. However, they are within the reach of a 
systematic analysis that builds on the knowledge that is already being gathered about 
the behavior of individual elements using systems of gradually increasing complexity. 
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Introduction 
Gene duplication is a critical process in the evolution of higher organisms. It recruits 
preexisting genetic material as a substrate for the formation of novel functional units, 
thereby catalyzing rapid genetic changes. Extra gene copies created through duplica
tion may ultimately diverge to perform related but specialized developmental and 
biochemical function. The mammalian globin family, which has evolved a highly 
coordinated process of tissue and stage specific expression of developmentally 
specialized genes from a single ancestral gene, exemplifies this process. 

Genes can duplicate by a variety of mechanisms. Most dramatic is whole 
genome duplication, which happens very rarely during evolution. Duplication via 
unequal recombination is probably the most common mechanism. This can occur 
after pairing of nonallelic, homologous sequences. Initial duplication events of single 
copy genes can be catalyzed by repetitive elements, such as Alu or L1 (Cross and 
Renkawitz, 1990), and subsequent events can occur within the duplicated genes 
themselves, creating new hybrid genes. Depending on the number of genes in the 
family and the location of the cross-over events, duplication by this mechanism can 
dramatically increase the gene copy number of a family. 

Immediately after duplication via unequal recombination, a new gene or DNA 
fragment would be identical to the preexisting genetic information. These dupli
cated sequences are susceptible to gene conversion, a fundamental recombination 
mechanism. 

Gene conversion is the nonreciprocal transfer of genetic information between 
two related genes or DNA sequences. It was first discovered in fungi, manifested as 
the non-Mendelian segregation of alleles in a diploid heterozygous at a particular 
locus. While most meioses create tetrads (in yeast) with two spores of each genotype, 
there are frequent exceptions which demonstrate 3:1 segregation of alleles. This type 
of inheritance is called gene conversion. Explaining the mechanism of gene conver
sion lies at the cornerstone of general recombination models (reviewed in Orr
Weaver and Szostak, 1985). 

Studies of gene conversion in fungi have shown that conversion occurs not only 
between alleles, but intrachromosomally between duplicated sequences on either the 
same chromatid or the sister chromatid, and ectopically between sequences on 
nonhomologous chromosomes. Essentially, any homologous sequences in the ge
nome are potential participants in gene conversion. 

Fungi are particularly well-suited for studying gene conversion because all the 
products from a meiosis can be isolated (Orr-Weaver and Szostak, 1985; Petes and 
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Hill, 1988). Gene conversion is extremely active in these organisms. Intrachromo
somal meiotic conversions between duplicated genes generally occurs in 1-10% of 
yeast tetrads (Klein, 1984; Klein and Petes, 1981; Nicolas, Treco, Schultes, and 
Szostak, 1989), and conversion between unlinked sequences falls within that range 
(Haber, Leung, Borts, and Lichten, 1991). In mammals, much of the evidence for 
germline gene conversion is based upon comparative sequence analysis of duplicated 
genes. A duplication unit containing a patch of near sequence identity within a larger 
stretch of considerable divergence is the kind of data best explained by gene 
conversion. 

Results and Methods 
A comprehensive investigation into mammalian gene conversion frequency faces two 
major technical and logistical difficulties. The first is that large numbers of progeny 
must be scored. Secondly, the events must be readily detectible. We have devised a 

Recipient Donor 

p Nrul p ~ Clal 

Prm-15' Lacz 
Prm-13' LacZ 

)Jo )Jo 
~ L- PCRprimers 

Figure 1. As indicated, the black boxes represent mouse protamine 1 (Prm-1) sequences, and 
hatched boxes are lacZ sequences. Transcriptional orientations of the lacZ genes are 
indicated by the arrows. The black vertical stripe in the Recipient lacZ gene is a 2 bp insertion 
mutation, created by filling in a Cia I site to make a Nrul site. P = Pvull. The crossed-out "P"s 
correspond to the Pvull sites in the Recipient gene, but were destroyed during cloning. The 
Donor lacZ gene is deleted for the first 36 and last 136 amino acids of the enzyme. The 
construct is 7.5 kb in length. The location of PCR primers for amplification of the Recipient 
gene from sperm DNA is indicated. 

novel strategy to detect germline gene conversion which eliminates these constraints 
(Murti, Bumbulis, and Schimenti, 1992). The crux of the system is to generate 
transgenic mice in which a planned conversion event can be visualized in sperm, 
rather than offspring, by histochemical staining. This strategy allows the rapid 
quantification of thousands of meiotic events for gene conversion at the transgene 
locus. 

The basic constructs for detecting intrachromosomal gene conversion consist of 
two lacZ genes with different mutations (Fig. 1; Murti et al., 1992). One of these 
genes, called the "recipient," is under the transcriptional control of the mouse 
protamine-! (Pnn-1) promoter, and contains an internal 2-bp insertion that abol
ishes ~-galactosidase activity by frameshift mutation. Linked to it is a promoterless 
"donor" lacZ gene that is truncated at both the amino and carboxy termini. Male 
mice carrying this construct transcribe the recipient gene specifically in haploid germ 
cells, but do not produce functionallacZ unless a spontaneous mutation or recombi
nation event corrects the frameshift mutation. 
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To quantitate the percentage of spermatids that have undergone gene conver
sion, testicular cells from adult transgenic hemizygotes are fractionated in a BSA 
gradient at unit gravity. They are then fixed and stained for lacZ activity by 
5-bromo-4-chloro-3-indolyl-13-D-galactopyranoside (X-gal) staining, followed by pho
tography and manual quantitation. In a second method, a crude testicular cell 
mixture is analyzed by flow cytometry, whereby haploid cells are distinguished in the 
basis of DNA content, and a fluorescent lacZ substrate (Nolan, Fiering, Nicolas, and 
Hertzenberg, 1988) is used to detect converted spermatids. 

As we have previously reported (Murti et al., 1992), no lacZ staining is observed 
in wild-type mice or transgenics harboring a construct that contains the recipient but 
no donor gene. Therefore, interaction between donor and recipient sequences must 
be responsible for the gene correction. Regardless of copy number or genomic 
insertion site, 1-2% of spermatids from hemizygous animals are lacZ positive. PCR 
amplification of mature sperm using the primers shown in Fig. 1, followed by 
digestion of the products with Cia I (which is diagnostic for a conversion event in the 
recipient gene) confirms the frequencies observed by lacZ staining (Murti, Schi
menti, and Schimenti, 1994). Histological analysis indicated that both meiotic and 
mitotic events contributed to this percentage (Murti et al., 1992). Conversion events 
in mitotically proliferating spermatogonia would be inherited by half their progeny. 
Therefore, the percentage of converted cells does not equal the frequency of 
conversion events. 

A variation of this system has been used to detect ectopic gene conversion
recombination between homologous sequences on nonhomologous chromosomes. In 
this experimental paradigm, the Donor and Recipient lacZ genes are placed on 
different chromosomes, followed by detection of converted spermatids by the 
methods outlined above. Remarkably, gene conversion is also quite frequent in this 
situation, although at frequencies (percentages of converted spermatids) 2-10-fold 
lower than intrachromosomally (J. R. Murti, M. Bumbulis, and J. Schimenti, 
unpublished observations). 

Discussion 
Questions Unique to Recombination in Mammals 

Whereas details and mechanics of recombination are best studied in fungal systems, 
recombination occurs in situations that are unique to mammals, and must ultimately 
be addressed in that context. For example, in addition to the implications of mitotic 
recombination in the germ line, somatic recombination is an important process 
which has no parallel in fungi. Immunoglobulin gene rearrangement and mitotic 
conversion/ crossing over causing loss of heterozygosity at tumor suppressor genes 
are examples of recombinational mechanisms that are distinct between mammals 
and fungi. Because recombination activities appear to differ from tissue to tissue 
(germ cells probably being the highest), and that specialized rearrangement activities 
exist (immune cells), it is likely that either multiple recombination enzymes exist with 
different cellular specificities, or that a common group of recombination enzymes is 
differentionally regulated in different tissues. 

Aside from specialized somatic recombination systems, the existence of general 
recombination in somatic cells is probably (in part) related to DNA repair (Padmore, 
Cao, and Kleckner, 1991). Recombination induction appears to be a broad indicator 
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of an agent's mutagenicity, reflecting repair of induced DNA damage (Zimmermann, 
1971). In meiosis, recombination is required for proper disjunction of chromosomes. 
Furthermore, meiotic recombination has the important role of creating genetic 
diversity (although it is unknown whether the evolution of efficient recombination 
was selected for on that basis). Mitotically dividing somatic cells do not have any 
apparent requirement for recombination in fidelity of replication, and recombination 
events are not transmitted to progeny. The role of recombination in DNA repair will 
require investigations into the recombinational capacity of various tissue or cell 
types, and whether recombination is induced by DNA damage. Notably, cells from 
Ataxia-Telangiectasia patients (Meyn, 1993), which are difficient in DNA repair, 
exhibit greatly elevated levels of intrachromosomal recombination. 

Gene Conversion and the Evolution of Gene Families 

We have found that up to 2% of gametes reflect an intrachromosomal conversion 
event in our transgenic mice. This approaches the meiotic gene conversion frequency 
in yeast (Orr-Weaver and Szostak, 1985). It is unclear whether the gene conversion 
frequency observed in this system is generally representative of random duplicated 
sequences elsewhere in the genome. In yeast, meiotic gene conversion frequency 
shows great locus variation; values have been observed to range from 0.5 to 30% of 
meioses with different genes (Fogel, Mortimer, Lusnak, and Travares, 1979; Nag, 
White, and Petes, 1989). Because the percentage of corrected spermatids between 
the transgenic lines used in our experiments was similar, it is unlikely that the 
numbers are unusually high due to chromosomal context. Rather, the intrachromo
somal conversion activity of the transgenes must be an inherent property of the 
construct. 

Gene conversion can play paradoxical roles in the evolution of a gene family. On 
one hand, related gene family members can undergo sequence homogenization by 
gene conversion, thereby inhibiting divergence and potential adaptation. Several 
theoretical studies have addressed the confounding effects of gene conversion
mediated homogenization upon the evolutionary analysis of repeated genes, present
ing mathematical models on the role of gene conversion in evolution (Dover, 1982; 
Gutz and Leslie, 1976; Lamb and Helmi, 1982; Nagylaki and Petes, 1982; Walsh, 
1987). On the other hand, micro-gene conversions can rapidly generate diversity by 
introducing multiple, simultaneous sequence changes into a member of a large gene 
family (Baltimore, 1981). A gene conversion-like mechanism appears to be respon
sible for the generation of novel MHC alleles in human populations (Belich, 
Madrigal, Hildebrand, Zemmour, Williams, Luz, Petzl, and Parham, 1992; Kuhner, 
Lawler, Ennis, and Parham, 1991; Parham and Lawlor, 1991). Our results showing 
that ectopic gene conversion is also relatively frequent in mice indicates that the 
divergence of duplicated genes is not guaranteed by genomic dispersal. The signifi
cance of gene conversion upon diversification or homogenization during evolution is 
directly related to its frequency in the germ line. 

The frequency of gene conversion we have observed greatly exceeds values used 
in theoretical studies on the influence of this process upon the evolution of 
duplicated genes (Nei, 1987; Walsh, 1987). According to the formula derived by 
Walsh (1987), the frequency of gene conversion we have observed in our transgenic 
system would be incompatible with the divergence of genes. Because genes do in fact 
diverge despite being susceptible to such frequent homogenization indicates that 
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mechanisms must exist to diminish unabated gene conversion. Selection against 
conversion should not be a factor immediately after a duplication event, because the 
newly created gene would not have an unique, critical function. Although the 
frequency of recombination decreases as the length and degree of homology de
creases (Ayares, Chekuri, Song, and Kucherlapati, 1986; Liskay, Letsou, and Stache
lek, 1987; Rubnitz and Subramani, 1984; Singer et al., 1982; Waldman and Liskay, 
1988), how do duplicated genes escape conversion in the first place? It has been 
suggested that structural events which interrupt homology and heteroduplex forma
tion, such as insertion of repetitive elements, could substantially inhibit gene 
conversion between duplicated genes (Cross and Renkawitz, 1990; Fisher, Pecht, 
and Hood, 1989; Hess, Fox, Schmid, and Shen, 1983; Michelson and Orkin, 1983; 
Schimenti and Duncan, 1984), allowing them to diverge freely. Another potential 
mechanism to promote divergence of genes is "RIPping" (Kricker, Drake, and 
Radman, 1992). This is a phenomenon whereby duplicated sequences undergo 
cytosine methylation at a high frequency, which catalyzes C > T mutations. As 
random events such as these occur to interrupt stretches of perfect or high homology 
between duplicated gene pairs, the gene conversion frequency would decrease 
locally. This would increase the average time between conversion events, and hence 
permit the accumulation of base changes. If duplicated genes evolve differential 
function, then selection may become a strong force against maintainance of conver
sion events. 

Future Directions 

Our results indicate that gene conversion is a significant force in the genome. We are 
conducting additional lines of experimentation to further characterize the nature 
and properties of gene conversion in mice. In particular, variations of the system 
described here will be used to compare the frequency of premeiotic versus meiotic 
conversion, measure conversion tract lengths, and study the effect of introducing 
heterologies. 
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Introduction 
Targets for the vertebrate immune system are diverse organisms capable of rapid 
change to evade the host response. In return, lymphocytes use four families of 
variable antigen binding molecules: immunoglobulins (Ig), T cell receptors (TcR) 
and the class I and II antigen presenting molecules of the Major Histocompatibility 
Complex (MHC). Whereas the repertoire of Ig and TcR is played out by rearranging 
genes within a single individual, diversity in MHC antigen presenting molecules 
involves genetic polymorphism seen at the level of populations. 

Class I and II MHC molecules present short peptides of degraded antigenic 
proteins to CDS+ and CD4+ T cells. Their antigen binding sites bear similarities to 
the substrate binding domains of the heat shock 70 family of chaperones. To a first 
approximation, class I molecules present peptides from proteins made within the cell 
whereas class II molecules present peptides from proteins made without. 

Phylogenetic comparison show the class I genes of the MHC evolve more rapidly 
than their class II counterparts. The number of class I genes and their organization 
varies greatly between species and only for closely related species, e.g., humans and 
apes, can orthologous genes be identified. The number of functional genes is always 
small, 1-3, and in crude terms functionality can be correlated with the extent of 
allelic polymorphism. 

Alleles of class I genes vary by 1-77 nucleotide substitutions. Variation concen
trates on residues of the peptide binding site, effecting changes in the specificity of 
peptide binding. Although many features of class I molecules in humans and apes are 
shared, no single allele is held in common by any two species and thus, no 
antigen-presenting specificity that existed in the common ancestor has survival 
unchanged along both the human and ape lineages. 

For humans, we estimate there are 100-300 alleles of the class I HLA-A,B,C 
loci, many of which exhibit localized geographic distribution. Sequence comparisons 
indicate that interallelic recombination involving short segments of DNA (10-100 
nucleotides) creates most new alleles. The mechanism of this process is unknown. 

Disease-specific selection, heterozygote advantage, frequency-dependent selec
tion and genetic drift may all play a role in the generation of class I HLA 
polymorphism. For urban populations, admixture resulting from recent migrations is 
also a major factor. 

Molecular Evolution of Physiological Processes © 1994 by The Rockefeller University Press 
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Immunological Functions in Antigen Presentation 

As its name implies, the Major Histocompatibility Complex, or MHC, was discovered 
through observation of tissue transplantation. Experiments to propagate tumors 
from one mouse to another failed unless the mice were closely related. The same was 
true for normal tissues. Breeding studies revealed the influence of a single major 
locus-the MHC-and a number of minor ones. Luckily, immunization of one 
mouse with the cells from another produced antibodies against class I and II MHC 
proteins, providing simple tools for analysis of the mouse MHC (H-2 region). 
Similarly, antibodies for studying the human MHC (HLA region) were obtained first 
from patients who had been immunized through repeated blood transfusion and 
then from multiparous women who were repeatedly stimulated by the paternal HLA 
antigens expressed by their babies. Everything we know of the MHC stems from 
systematic application of the serological approach. 

That mice reject each other's tissues is due to two fundamental properties of 
class I and II MHC antigens: extensive genetic polymorphism and a physiological 
function that is central to the stimulation ofT lymphocytes. 

Antigen receptors ofT cells are cell surface molecules, the products of rearrang
ing genes that are clonally expressed. The antigens with which T cell receptors 
interact comprise short peptides bound "presented" either by class I or class II MHC 
molecules. Presentation by class I molecules leads to cytotolytic T cell responses that 
can kill cells infected by viruses or parasites, whereas presentation by class II 
molecules leads to delayed type hypersensitivity (the classical cellular immunity) or 
to the release of cytokines which help B lymphocytes into antibody production. 
During development in the thymus and the peripheral circulation those T cells with 
receptor specificity for peptides derived from normal cellular proteins, "self," are 
either eliminated or inactivated. Thus, the T lymphocyte system is poised to respond 
to cells presenting foreign antigens. 

The probability of two unrelated individuals having precisely the same set of 
class I and II HLA alleles is low. On transplantation of tissue the HLA differences 
are perceived in a similar fashion to the foreign antigens of parasites, viruses and 
bacteria. They trigger clones of T and B lymphocytes to respond and the resulting 
immune response eliminates the grafted cells in much the same way that virally 
infected cells are destroyed. 

Class I and class II HLA (human leukocyte antigen) molecules are closely 
related in structure and function and they clearly represent variations upon an 
evolutionary theme. Both classes of molecules have a binding site for peptides and 
sites for interaction with the receptors and coreceptors of T cells. Differences 
between the class I and II molecules are found in the length of peptides they bind, 
the intracellular compartments in which binding takes place and the type of T cell 
coreceptor engaged. Class I MHC molecules bind peptides of 8-10 amino acid 
residues in the endoplasmic reticulum and engage T cells with the CDS coreceptor 
whereas class II MHC molecules bind peptides of 15-25 residues in membrane 
compartments of the endocytic pathway and engage T cells with the CD4 coreceptor. 

Flexibility and Efficiency in The Immune Response 
Although the immune system has elaborated a series of elegant mechanisms for 
generating receptor diversity, notably in the immunoglobulin and the T cell recep
tors, it is nowhere close to being optimized for the tasks in hand. Many of its 
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opponents, the virus, parasites and microorganisms, evolve faster than vertebrate 
organisms and can thereby evade the immune response. As a consequence of its 
flexibility, the immune system is slow to react and infections are often established 
before the immune system makes a contribution. Influenza and cold viruses are 
always getting ahead of the human immune with the result that most years we are all 
reminded individually of their effects. Inadequacy in immune recognition is unequivo
cal in the case of HIV, a virus which sabotages the whole enterprise. That the 
immune system benefits from a helping hand is illustrated by the efficacy of 
vaccination, which in effect allows the immune system to rehearse its act. It is 
perhaps not surprising that the immune system is this way, because those molecular 
mechanisms that provide flexibility in the immune response, in that it can have a go at 
anything, also prevent a swift targeted assault on any particular foe. In this and other 
respects, there are parallels with other organizations involved in defense. 

Self preservation has its shortcomings too. The diseases bothering many in the 
over-developed countries are degenerative (diabetes, arthritis, multiple sclerosis) 
and automimmune in nature. In these diseases the slow erosion of the target tissue, 
pancreatic ~ cells in diabetes for example, is thought to be mediated by T cells 
responding to self peptides. A common idea suggests that the breaking of tolerance is 
a secondary consequence of some traumatic event: perhaps physical damage result
ing in the exposure of self proteins which are normally sequestered from the immune 
system, or an acute infection which stimulates and expands T cell clones specific for 
the infectious agent, some of which crossreact onto self peptides. Despite its 
limitations the overall benefits of the immune system are clear from the fate of 
patients with combined immunodeficiency disease who rapidly succumb unless 
placed in a germ free environment. 

Human Class I HLA Proteins 

The antibodies found in the blood of multiparous women were first used to define the 
class I antigens, HLA-A,B,C. These molecules are found on the surface of most cell 
types, but the levels vary and can be regulated by "Y interferon and other mediators of 
the inflammatory response. 

The HLA-A,B,C proteins are formed by a membrane anchored heavy chain, 
encoded by either the HLA-A,B, or C gene, associated with a common light chain, 
~2-microglobulin (~2-m). Crystallographic structures of HLA-A and B molecules 
(Bjorkman, Saper, Samraoui, Bennett, Strominger, and Wiley, 1987a; Madden, 
Gorga, Strominger, and Wiley, 1992) show they consist of a pair of immunoglobulin 
domains supporting a peptide binding site which is speculated to have similarity with 
the substrate-binding domain of heat shock proteins in the hsc70 family (Rippmann, 
Taylor, Rothbard, and Green, 1991; Flajnik, Canel, Kramer, and Kasahara, 1991). 

HLA-A,B,C proteins bind short peptides in the endoplasmic reticulum of 
human cells and transport them to the plasma membrane where the protein-peptide 
complex forms a potential ligand for the antigen receptors of circulating CDS 
positive T lymphocytes. In healthy cells, the bound peptides are the products of 
normal turnover of cellular proteins "self' against which the T cells are unreactive. 
When a cell is virally infected, peptides of viral origin get bound and presentation of 
such foreign antigens stimulates a cytotoxic T cell response which kills the infected 
cells, thereby preventing viral replication and further infection of healthy tissue. 
HLA-A,B, and C heavy chains are homologous proteins and their codominant 
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expression is believed to increase the number of foreign peptides presented during 
viral infection and thus to the vigor of the T cell response. 

Like other components contributing to the specificity of the immune system, 
antigen presenting molecules have only been found in the vertebrates and thus 
appear to be of recent evolutionary origin. Sequences for class I heavy chains from 
species in the major classes of vertebrates (fish, reptiles, amphibians, birds and 
mammals) have been determined. Their comparison reveals only seven invariant 
positions of a total of 182 residues in the peptide binding domains ( a 1 and a 2) and 
eight invariant positions of the 92 residues in the a 3 domain. These conserved 
residues are exclusively in positions that are important for maintaining either the 
structure of individual domains or interdomain contacts. In the a 3 domain the 
conserved residues are common to immunoglobulin domains and those in the a 1 and 
a 2 domains provide interactions between a 1 and a 2 and their supporting Ig-like 
domains (Grossberger and Parham, 1992). The majority of positions within the class 
I structure can tolerate substitution and even insertion or deletion without losing 
antigen presenting activity, a view finding support in the experience of investigators 
performing site-directed mutagenesis. 

Class I HLA Gene Structure 

HLA-A,B,C genes consist of eight exons which correspond to distinctive protein 
domains. The genes are closely linked to each other and also to - 17 homologous 
pseudogenes, gene fragments and intact genes of unknown function (Geraghty, 
Koller, Hansen, and Orr, 1992a; Geraghty, Koller, Pei, and Hansen, 1992b). The 
number of class I genes varies greatly between species and it is only in the most 
closely related species, e.g., human and chimpanzee, that orthologous genes can be 
identified. Such comparison shows that class I genes frequently undergo gene 
duplication, deletion and changes in functional status. 

Mice are the favorites of immunologists and much is known about their MHC 
(the H-2 region) and the function of their antigen presenting molecules. The H-2 
region contains more class I genes than the human HLA region. Orthologies 
between the human and mouse class I genes have not been found (reviewed in 
Lawlor, Zemmour, Ennis, and Parham, 1990). When phylogenetic trees are con
structed they show that the mouse genes form one cluster and the human genes 
another. Within the common laboratory strains of mice the numbers of class I genes 
differ as a result of large duplication and deletion events. This propensity of class I 
genes has been taken to an extraordinary degree in one African rodent, which has 
over 1,500 class I genes (Delarbre, Jaulin, Kourilsky, and Gachelin, 1992). 

Class I HLA Gene Polymorphism 

Further variation is seen at the level of individual class I genes. The most character
istic feature of the HLA-A,B and C genes is their genetic polymorphism. Unlike most 
other genes, for HLA-A,B, or C, the term wild type has no meaning: various alleles 
are evenly distributed in human populations. The total number of alleles is unknown. 
Their identification and structural characterization is still in progress, but some 
ninety HLA-B alleles, sixty HLA-A alleles, and forty HLA-C alleles have been 
defined so far. 

Polymorphism is correlated with function. Whereas HLA-A,B, and C have many 
alleles, the pseudogenes, gene fragments and genes of unknown function have few. 
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HLA-A,B,C alleles can differ by 1-77 nucleotide substitutions, a disproportionate 
number of which change amino acid residues within the peptide binding site and the 
specificity of peptide binding and T cell recognition (Bjorkman, Saper, Samraoui, 
Bennett, Strominger, and Wiley, 1987b; Parham, Lomen, Lawlor, Ways, Holmes, 
Coppin, Salter, Wan, and Ennis, 1988). Overall, the data are consistent with the 
polymorphism being the product of natural selection for antigen presenting function. 

The polymorphism of HLA genes influences medical practice, most obviously in 
transplantation. The number of alleles is such that most unrelated individuals 
express a different combination of class I and class II molecules. The sequence 
differences between the HLA molecules are themselves capable of stimulating 
strong T cell responses and it is precisely this type of response that causes rejection of 
tissues transplanted between HLA mismatched individuals. 

Two approaches have been made to deal with the problem of rejection. One 
uses immunosuppressive drugs to ablate the response, the other attempts to match 
recipients and donors through serological typing for HLA polymorphism. Molecular 
and immunological analysis has revealed that single serotypes often embrace mul
tiple alleles, for example, 12 in the case of HLA-A2, and that their differences 
provoke T cell responses capable of rejecting transplanted tissue (LOpez de Castro, 
1989; Fleischhauer, Kernan, O'Reilly, Dupont and Yang, 1990). Such studies 
indicate that the polymorphism is greater than has been supposed previously, 
prompting the search for more accurate, DNA-based, methods of tissue typing. 
These findings also increase the potential use for HLA polymorphisms as a tool in 
the study of human genetics and evolution. 

Mechanisms of Diversification 

Comparison of HLA-A,B,C allelic sequences reveals a patchwork pattern in which 
an individual allele comprises a unique combination of sequence motifs, each of 
which is shared with other alleles. This pattern suggests that recombination plays a 
key role in the generation of alleles, an impression supported by pairwise comparison 
of the sequences. The most closely related pairs of alleles usually differ by localized 
clusters of substitutions for which both sequence motifs can be found in other alleles. 
This pattern implicates interallelic conversion or double recombination as the 
diversifying mechanism. Although the vast majority of such events appear to involve 
recombination between allele of the same locus, in three cases (HLA-B46,B54 and 
B76), we have good evidence for intergenic conversion. 

The role of recombination in generating polymorphism is illustrated by the 
HLA-A,B,C alleles of American Indian populations. These people derive from small 
founding populations that crossed the Behring strait during the last ice age. Only a 
fraction of the HLA allelic lineages found in Europe and Asia are represented in 
American Indians (Kostyu and Amos, 1981). However, the founding alleles have 
recombined to produce many new alleles not found in other populations. This is 
particularly true for HLA-B in South American Indian populations (Belich, Madri
gal, Hildebrand, Williams, Luz, Petzl-Erler, and Parham, 1992; Watkins, McAdam, 
Liu, Strang, Milford, Levine, Garber, Dogon, Lord, Ghim, Troup, Hughes, and 
Letvin, 1992). 

In comparison to the many pairs of alleles that differ by localized clusters of 
substitutions, few pairs differ by point substitutions and of these only a handful differ 
by a substitution that has not been found in another allele. Thus, it appears that the 
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rate at which point mutations create new alleles is slower than the rate at which new 
mutations are subsequently recombined with existing mutations. 

Evolution of An HLA-B Lineage 

As an example of the patterns that emerge let us consider the allele B*4002. This 
allele can be found throughout Europe and Asia but is particularly frequent in the 
Japanese population. Also present in the Japanese is a closely related allele, B*4006, 
which differs by a cluster of substitutions that change the amino acid residues at 
positions 95 and 97 from L ~ W and R ~ T respectively (Kawaguchi, Kato, 
Kashiwase, Karaki, Kohsaka, Akaza, Kano, and Takiguchi, 1993). The crystallo
graphic structures of HLA-A2,A68 and B27 show that residues 95 and 97 interact 
directly with bound peptide and affect the sequences of peptide bound (Bjorkman et 
al., 1987a; Garrett, Saper, Bjorkman, Strominger, and Wiley, 1989; Madden et al., 
1992). The W95 T97 motif that distinguishes B*4006 from B*4002, is common to 
other HLA-B alleles. Therefore, B*4006 and B*4002 are probably related in 
evolution either by gene conversion or double recombination. As B*4002 has a 
widespread distribution whereas B*4006 has only been found in Japanese, it seems 
likely that B*4002 is the older allele and B*4006 the derivative. If correct then a 
corollary is that the conversion event would have occurred either in a Japanese 
individual or an individual from one of the populations from which the modern 
Japanese population is derived. Current serological methods of tissue typing do not 
distinguish the protein products of the B*4002 and B*4006 alleles (both are typed as 
the B61 antigen) and we cannot be sure that the B*4006 allele is not present in other 
East Asian populations, for example, Koreans. Application of DNA typing can 
resolve such questions as it should be trivial to distinguish B*4002 and B*4006 at the 
DNA level. 

In North America, another product of the B*4002 allele is encountered, 
however, it exists in serological disguise. For many years it was appreciated that the 
Pima and certain other Indian populations in the South Western part of the United 
States had an antigen with serological crossreactivity with the B21 antigen. This 
specificity became known as BN21 (Williams and McAuley, 1992). In itself, this was a 
surprising observation as antigens in the HLA-B21 group were absent in Amerindi
ans from other regions of either North, South or Central America (Kostyu and 
Amos, 1981). 

Sequencing the allele encoding BN21 revealed a structure that was highly 
divergent from the two known alleles in the B21 group (B*4901 and B*5001), but 
closely related to B*4002. The BN21 encoding allele (now called B*4005) differs 
from B*4002 by substitutions which change residues 152 from V ~ E and 163 from 
T ~ L. These are both substitutions known to affect antigen presentation. The E152, 
L163 motif is found in other HLA-B molecules and we therefore hypothesize that 
B*4002 and B*4005 are related in evolution by a gene conversion (Hildebrand, 
Madrigal, Belich, Zemmour, Ward, Williams, and Parham, 1992). Again, because 
B*4002 is widespread and B*4005 of highly restricted distribution, it seems likely 
that B*4005 was derived from B*4002. Consistent with this interpretation is the 
presence in the Piman Indians of both B * 4002, the acceptor gene, and B alleles with 
the postulated donor sequence. 

In the case of B*4005, we are confident that it is not present in other populations 
because it can be distinguished both from B21 and B61 (B*4002) by serological 
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typing. Pertinent at this point is to consider why the B*4002/B*4005 difference is 
distinguished by serology whereas the B*4002/B*4006 is not; after all, they both 
involve two amino acid differences. 

The substitutions between B*4002 and B*4005 are positioned on the helix of the 
a 2 domain which flanks the peptide binding groove. These residues are relatively 
exposed to solvent and can therefore be contacted directly by antibodies. The B*4005 
residues at these positions are identical to those found in B21 molecules explaining 
the serological cross-reactivities between B21 and B*4005. In contrast the differ
ences distinguishing B*4002 and B*4006 are located at the bottom of the peptide 
binding groove. They are not available for direct contact with antibodies and are 
serologically silent. 

In South America, we have found two alleles in the Guarani tribe of southern 
Brazil, B*4003 and B*4004, that are also related to B*4002 (Belich et al., 1992). They 
differ from B*4002 by substitutions at residues 114 and 116 (B*4003) and 94, 95, and 
103 (B*4004). As seen for B*4005 and B*4006, the differences affect residues within 
the antigen binding site of the class I molecule and both clusters of differences are 
found in other HLA-B alleles. 

We now see how B*4002 has spawned a series of daughter alleles, B*4003-
B*4006, through the mechanism of gene conversion. Each of the daughter alleles is 
found in a different modem population and in some populations, the ancestral 
B*4002 allele has been retained (Japanese and Piman) and in another, the Guarani, 
it has not. I have used B*4002 as an example of a more general phenomenon. Similar 
allelic radiations of the other B lineages: B15, B35, B51, and B4S, in Amerindian 
groups are being described, particularly in South America. 

Other Polymorphisms Affecting Antigen Presentation By Class I Molecules 

Although most of the polymorphism in class I molecules is found in and around the 
peptide binding groove there are examples of polymorphism in a 3, the immunoglobu
lin-like domain, which affect binding to the CDS coreceptor ofT cells. The molecules 
HLA-A *6S01, A *6S02 and B*4S01 all have substitution at position 245 of a 3 that 
reduces affinity for CDS (Salter, Benjamin, Wesley, Buxton, Garrett, Clayberger, 
Krensky, Norment, Littman, and Parham, 1990). Other proteins involved in loading 
class I MHC molecules with peptide also exhibit polymorphism, for example two 
subunits of the protease and the two subunit of the peptide transporter, all of which 
are encoded in the MHC. In rats, there are two divergent alleles of the T AP2 gene of 
the transporter which affect the nature of peptides reaching class I MHC molecules 
(Powis, Deverson, Coadwell, Ciruela, Huskisson, Smith, Butcher and Howard, 
1992). 

The Role of Selection in Generating Class I HLA Polymorphism 

During the - 500 generations that humans have lived in the Americas, there has 
been a considerable evolution of HLA-B alleles. Of current interest is whether this 
evolution is the result of selection, genetic drift or some mixture of the two. The 
impression so far is that the generation of new alleles has not led to significant 
increase in the number of alleles within a particular tribe. The generation of new 
alleles appears accompanied by the replacement of old alleles rather than expansion 
of the overall number of alleles. 
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Most serological analysis of HLA-A,B,C antigens has focused on the urban 
populations in which clinical transplantation is practiced. In such populations the 
number of alleles as defined by serotype is 4--5 times that found in tribes of American 
Indians (Williams and McAuley, 1992). Consideration of the data from urban 
populations has suggested that balancing selection acts to maintain such large 
numbers of alleles in human populations. If this were indeed the case then one might 
expect that populations starting with small numbers of alleles, e.g., Amerindian, 
might incorporate new alleles without loss of the older ones, which does not appear 
to be the case. This issue is of course confounded by the fact that Amerindian 
populations underwent massive attrition due to the diseases brought by Europeans 
and Africans during the last 500 years. 

Disease Specific Selection 

The idea that individual HLA class I alleles might be selected by particular infectious 
agents has seemed plausible for years, but only recently has evidence in its support 
have been obtained. In West Africa, endemic malaria is the cause of significant 
infant mortality. HLA-B53 (B*5301) protects infants against severe malaria and as a 
consequence of this property is at high frequency in the West African population 
whereas in other parts of the world it is rare or absent (Hill, Allsopp, Kwiatkowski, 
Anstey, Twumasi, Rowe, Bennett, McMichael, and Greenwood, 1991). HLA-B53 
presents a peptide from the liver form of the malarial parasite and the protective 
effect is speculated to stem from the cytotoxic T cell response made to that peptide 
(Hill, Elvin, Willis, Aidoo, Allsopp, Gotch, Gao, Takiguchi, Greenwood, Townsend, 
McMichael, and Whittle, 1992). 

The selection for B53 is seen in a situation where a single disease has been a 
major cause of death for many generations. Furthermore, death from malaria 
commonly occurs before reproductive age and the epitope presented by B53 appears 
to be one that cannot be mutated without impairing viability of the pathogen. This 
may not be a common scenario. Survival in most environments requires effective 
immune responses against an array of microorganisms, viruses and antigenic com
pounds. That the alleles now seen in the population have survived suggest that on 
average a random set of two HLA-A alleles, two HLA-B alleles and two HLA-C 
alleles is sufficient to permit survival and that, again on average, any one set of six 
alleles is as good as another. 

Overdominant Selection 

From their analysis of class I and II allelic sequences, Hughes and Nei (Hughes and 
Nei, 1988) have concluded that overdominance (heterozygote advantage) is a major 
component of the selection upon MHC molecules. This can be understood readily in 
terms of their biological function. Possession of 2 HLA-A,B or C alleles, with distinct 
peptide binding specificities, should expand the range of peptide sequences that can 
be presented by a cell and by inference the strength of the T cell response should that 
cell become infected with a virus. In this model, the selective advantage of additional 
alleles will tend to decrease as the number of alleles increases and the number of 
homozygotes decrease. That Native American populations have limited numbers of 
alleles may therefore be explained by this effect. Urban populations have larger 
numbers of alleles but are the result of recent admixture drawing on people from 
wide catchment areas, the non-Native American population epitomizing this phenom-
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enon. In such populations the large numbers of HLA class I alleles are likely to result 
from admixture, not balancing selection. 

Frequency Dependent Selection 
Within the general scheme of heterozygote advantage one can see how new alleles 
might be favored over older ones. Everything else being equal, an individual with a 
new allele will produce a greater proportion of heterozygotes than other members of 
the population. The increase being due to the fact that germ cells carrying the new 
allele cannot give rise to a homozygote. This advantage will act to increase the 
frequency of the new allele at the expense of the older ones. As its frequency 
increases the selective advantage of the new allele will decrease until it reaches a 
level comparable to that of the older alleles. In the absence of disease-specific 
selection targeted to particular alleles this effect will tend to bring new alleles into 
the population, as seems to be the case for HLA-B in South American Indians. 
Conversely, the frequency of older alleles will decrease and the chances of them 
being lost altogether goes up. Both the selective advantage of low frequency alleles 
and the probability of them being lost through genetic drift should be dependent 
upon population size and will be accentuated in smaller populations. For the 
American Indian groups the rates of gain and loss appear to be balanced as the total 
number of alleles in different populations is similar. 

That the class I alleles of human populations are continually turning over is 
supported by comparison of HLA-A,B with their homologues in chimpanzees and 
gorillas (Lawlor, Warren, Taylor, and Parham, 1991). Although there are similarities 
in the alleles of these three closely related species, no allele is shared. Moreover, 
those alleles which are most similar exhibit amino acid changes in the peptide 
binding site. This contrasts with many other proteins which exhibit identical se
quences in the three species. Thus, it is possible that no class I allele present in the 
ancestral population common to humans, chimpanzees and gorilla has survived 
unmodified to the present day. 
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The generation of protein isoform diversity by alternative RNA splicing is a 
fundamental mechanism in eukaryotes, which contributes to tissue-specific and 
developmental patterns of gene expression. A growing number of cellular and viral 
genes have been characterized that encode multiple protein isoforms via the use of 
alternatively spliced exons. One such example is the tropomyosin (TM) gene family. 
Tropomyosins are a diverse group of actin filament-binding proteins found in all 
eukaryotic cells, with distinct isoforms found in muscle (skeletal, cardiac, and 
smooth), brain and various nonmuscle cells. Many animals including nematodes, 
flies, frogs, birds, and mammals possess multiple TM isoforms. This isoform diversity 
is generated by a combination of multiple genes, some of which contain alternative 
promoters and some of which exhibit alternative RNA splicing of primary RNA 
transcripts. The TM gene family appears to have arisen through the duplication of an 
ancestral gene. There are four different TM genes that have been characterized in 
vertebrates. The alternatively spliced exons among different isoforms correspond to 
functional domains of the proteins. The expression of a diverse group of isoforms in a 
cell-type specific manner strongly suggests that the various isoforms will be required 
for specific cellular functions. The implications of this isoform diversity with respect 
to cellular functions are discussed. 

A General Overview of RNA Splicing for the Generation of 
Protein Diversity 
The formation of a mature mRNA from a primary transcript generally requires 
excision of intervening sequences (introns) with the subsequent joining together 
(splicing) of exons. The general splicing reaction of metazoan introns has been well 
characterized and involves a two-step process (reviewed in Green, 1991; Rio, 1992). 
In the first step, a 5' exon is cleaved and two intermediates are formed: a 5' exon with 
a 3' hydroxyl end and an RNA species containing the downstream intron sequence 
and 3' exon in which the 5' terminal guanosine of the intron is covalently linked to a 
residue, usually an adenosine, located 18-40 nucleotides upstream of the 3' splice 
site via a 2'-5' phosphodiester bond. In the second step, cleavage at the 3' splice site 
results in the release of a lariat intron and concomitantly the two exons are ligated 
together. 

Despite great advances in our understanding of the general splicing reaction, a 
number of important problems remain unresolved. How splicing is carried out with 
such fidelity is still not understood, both at the level of ligation at a specific 5' or 3' 
splice site or at the level of joining exons together without inadvertently failing to 
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include an exon, i.e., "exon skipping." Most genes contain multiple exons, e.g., 
collagen has more than 50 exons, and the dystrophin gene has more than 70 exons. 
Clearly if the splicing machinery were to make an error at the level of a single 
nucleotide, or miss including an exon, the result would likely be a mRNA that 
encoded a nonfunctional protein. In addition, some introns are very large and how 
the individual 51 and 31 splice sites are brought together is not known. Take for 
example, the dystrophin gene which is over two million base pairs long and contains a 
number of introns which are larger than 200,000 nucleotides. Whether the 51 and 31 

splice sites of these introns are brought together by free diffusion or require an active 
mechanism remains to be determined. Although consensus sequences are known for 
51 and 31 splice sites, it is still not possible to predict with 100% accuracy the position 
of authentic splice sites based solely on sequence analysis. Finally, the nature of the 
cellular factors that mediate pre-mRNA splicing are just beginning to emerge and 
include a group of small nuclear ribonuclear particles (snRNPs) and other proteins 
(reviewed in Green, 1991; Rio, 1992). In the case of alternative splicing, two 
additional questions need to be considered including (a) the nature of the splicing 
signals in alternatively spliced exons that allow them to be regulated in a tissue and 
cell type-specific manner, and (b) what are the cellular factors that are responsible 
for alternative splicing. 

It is well established that many proteins expressed in eukaryotic cells exist in 
various forms or isoforms. In many cases, the different isoforms exhibit cell-type 
specific patterns of expression which are subject to developmental control. For 
example, different forms of globin are known to be expressed during different 
developmental stages. The generation of protein isoforms is most often associated 
with the expression of different members of multigene families, but a large number of 
genes have been identified that can encode more than a single protein by alternative 
RNA processing. Alternative RNA processing has been identified in a wide range of 
systems including the genomes of various DNA and RNA viruses, invertebrates and 
vertebrates. In the case of viruses, the use of alternative splicing may facilitate the 
expression of a larger number of proteins within a relatively small genome. The 
organization of genes that are subject to alternative processing is quite varied, and 
can be due to use of alternative promoters and alternative exons located at internal 
as well as at the 31 end of genes (reviewed in Breitbart, Andreadis, and Nadal
Ginard, 1987). 

A number of cellular genes and processes have been characterized that involve 
alternative splicing in the control of developmental and various physiological pro
cesses. For example, sex determination in Drosophila is dependent on a cascade of 
regulatory genes, each of which is subject to alternative RNA splicing. Whether a 
Drosophila will become a male or female is largely dependent on the pattern of 
alternatively spliced exons (reviewed in Baker, 1989). During the development of 
humoral immunity, the switch from the membrane-bound form of antibody to the 
secreted form is dependent on alternative RNA processing at the 31 end of the 
primary transcript where distinct carboxy-terminal coding exons are used. The 
membrane bound immunoglobulin contains the membrane anchor sequence whereas 
the secreted form does not (reviewed in Breitbart et al., 1987). There are countless 
other examples of alternative RNA splicing for the generation of protein isoform 
diversity including cell surface receptors, adhesion molecules, neuropeptides, tran
scription factors and contractile proteins (see below). 
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The Tropomyosin System 

One classic physiological response is that of the excitation/ contraction response of 
skeletal and cardiac muscles. The protein components that comprise the actomyosin/ 
ATPase responsible for muscle contraction have been well characterized and are 
known to involve not only actin and myosin, but tropomyosin and the troponin 
complex (troponin-I, -T, and -C). The function ofTM in skeletal and cardiac muscle 
is, in association with the troponin complex (troponin-I, -T, and -C), to regulate the 
calcium-sensitive interaction of actin and myosin (Smillie, 1979). Although most 
eukaryotic cells contain an actin-based con tactile system, the regulation of contractil
ity in different cell types is achieved by different mechanisms. Nonmuscle and smooth 
muscle cells are devoid of a troponin complex, and the calcium-sensitive regulatory 
mechanism controlling the interaction of actin and myosin in these cells involves at 
least two Ca2+ calmodulin regulated proteins; myosin light chain kinase and caldes
mon. These differences in the regulation of the contractile apparatus in various cell 
types appears to require structurally and functionally distinct forms of TM. In 
contrast to muscle cells, microfilaments in nonmuscle cells do not appear to function 
primarily in contraction, but play a more significant role in intracellular transport, 
secretion, motility and cell structure. Nonmuscle cells express a larger number of 
tropomyosin isoforms than cells of muscle origin. This likely reflects the greater 
diversity of cellular functions in which they participate rather than functional 
redundancy. Most nonmuscle cells, such as fibroblasts, express a greater number of 
TM isoforms (five to eight isoforms) than do skeletal or cardiac muscle (one to two 
isoforms), and smooth muscle (two isoforms). Multiple forms of TM have been 
detected in cultures of different nonmuscle cells, including rat, mouse, human, and 
chick fibroblasts (reviewed in Lees-Miller and Helfman, 1991). For example, rat 
fibroblasts contain seven isoforms of tropomyosin: three TMs of major abundance 
termed TMs 1, 2, and 4 (apparentM, = 40,000,36,500 and 32,400, respectively), and 
four TMs relatively minor in abundance termed TMs 3, 5, Sa, and Sb (apparent 
M, = 35,000, 32,000, 32,000, and 32,000, respectively) (Matsumura, Lin, Yamashiro, 
Thomas, and Topp, 1983a,b; Goodwin et al., 1991, and Guo and Helfman, unpub
lished results). Thus, nonmuscle cells may have adapted TM isoforms to serve several 
different functions. Expression of the different fibroblast-type isoforms are not 
restricted to fibroblasts but are found in different combinations in various nonmuscle 
cells and tissues, e.g., intestinal epithelium, blood cells, liver, and kidney. In addition, 
brain expresses three unique isoforms, two of which are found only in neurons 
(Lees-Miller et al., 1990; Weinberger, Henke, Tolhurst, Jeffrey, and Gunning, 1993; 
Stamm, Caspar, Lees-Miller, and Helfman, 1993). 

Like many structural proteins, tropomyosin (TM) isoform expression involves 
the use of multiple genes, but diversity is also generated by alternative RNA 
processing (reviewed in Lees-Miller and Helfman, 1991). Alternative RNA process
ing for the generation of TM isoforms has been found in invertebrates (C. elegans 
and Drosophila) and vertebrates. For example, four different TM genes have been 
characterized in mammals (Fig. 1). Each of these genes has been named after a 
protein they encode. The a and ~ genes are named after striated muscle a- and 
13-TM, respectively. The TM-4 and hTMnm genes are named after the rat fibroblast 
TM-4 and human fibroblast TM30 nm isoforms, respectively. The skeletal muscle 
isoform of the a gene corresponds to the a fast-twitch isoform (fast-twitch fibers), 
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whereas the skeletal muscle isoform of the hTMnm gene corresponds to the a 
slow-twitch isoform (slow-twitch fibers). The isoforms known to be encoded by each 
gene are shown schematically in Fig. 2. The a gene is known to encode at least nine 
different isoforms, the ~ and hTMnm genes each encode at least two distinct 
isoforms, while the TM-4 gene encodes a single isoform. One interesting point is the 
intron-exon organization of the mammalian a TM gene is almost identical to that of a 
Drosophila or C. elegan TM gene, indicating that alternative splicing for the genera
tion ofTM isoform diversity arose relatively early in metazoan evolution (reviewed in 
Lees-Miller and Helfman, 1991). In addition to the isoforms depicted in Fig. 2, other 
isoforms are known to be expressed from the chick ~-TM gene (Forry-Schaudies, 
Maihle, and Hughes, 1990) and mouse ~-TM gene (Wang and Rubenstein, 1992). 
Given the complexity due to alternative RNA processing, it will not be surprising if 
additional isoforms will be identified in the future. At the protein level TMs are 
elongated proteins that possess a simple dimeric a-helical coiled-coil structure along 
their entire length (Smillie, 1979). The coiled-coil structure is based on a repeated 
pattern of seven amino acids with hydrophobic residues at the first and fourth 

a-gene 

~-gene 

TM-4gene 

hTMnm gene 

1a 2a 2b 1b 3 4 5 6a6b 7 8 Sa Sb Sc Sd 

1a 2b 3 4 5 6a6b 7 8 9a Sd 

~--~~--~·~·HI~D~~····~a------~0 

1a 

1b 3 4 5 6b 7 8 Sd 
DH·~·~~~~HI~I.-------~0 

2b 1b 3 4 5 6a6b 7 8 Sa Sb Sd 

Figure 1. The intron-exon or
ganization of the mammalian 
TM genes. Exons are repre
sented by boxes and introns by 
horizontal lines. The exons are 
numbered from 1a through 9d 
in order to facilitate compari

son between TM genes. The depicted a gene structure is that of rat (Ruiz-Opazo and Nadal 
Ginard, 1987; Wieczorek et al., 1988; Lees-Miller et al., 1990; Goodwin et al., 1991). The 13 
gene shown is that of rat (Helfman et al., 1986). The hTMnm gene shown is that of human 
(Clayton et al., 1988), and the TM-4 gene is that of rat (Lees-Miller et al., 1990). Alternatively 
spliced exons are indicated as 1a/1b; 2a/2b; 6a/6b; and 9a/9b/9c/9d. Exons common to all 
mRNAs are indicated by exons 3, 4, 5, 7, and 8. The isoforms known to be encoded by each 
gene are shown schematically in Fig. 2. 

positions and is highly conserved in all TM isoforms found in eukaryotic organisms 
from yeast to man. The TMs bind to themselves in a head-to-tail manner, and lie in 
the grooves of F-actin, with each molecule interacting with six or seven actin 
monomers. As indicated in Fig. 2, vertebrate cells express a number of different 
isoforms that are expressed in a cell type-specific manner. A major unresolved 
question is the functional significance of the different isoforms. The expression of a 
diverse group of isoforms in a highly tissue-specific manner suggests that each 
isoform is required to carry out specific functions in the actin-based filaments of 
various muscle and nonmuscle cell types. 

The alternatively spliced exons appear to correspond to different functional 
domains including actin binding regions, head-to-tail overlap domains, and se
quences involved in interaction to TM-binding proteins. For example, troponin-T 
interacts with TM in two regions of the TM molecule, the regions represented by 
exon 6b (amino acids 188-213) and exon 9a (amino acids 254-284) in the a, ~. and 
hTMnm genes (Figs. 1 and 2). In addition, sequences at the amino- and carboxy
terminal ends of the protein are important for head-to-tail binding, which is 
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important for cooperative binding to actin filaments. Thus, the inclusion of various 
exons influences the ability of the different isoforms to interact with F-actin, bind to 
each other and interact with different TM-binding proteins, e.g., troponin-T or 
caldesmon (see below). 

As mentioned above, nonmuscle cells express a larger number of TM isoforms 
compared to muscle (skeletal, cardiac, and smooth). What is the role of each TM 
isoform in nonmuscle cells? Immunofluorescence studies of nonmuscle cells, such as 

a-gene 

STRIATED MUSCLE 

SMOOTH MUSCLE 

TM-2 FIBROBLAST 

TM-3 FIBROBLAST 

TM-5a FIBROBLAST 

TM-5b FIBROBLAST 

TMBr-1 BRAIN 

TMBr-2 BRAIN 

TMBr-3 BRAIN 

~-gene 

SKELETAL MUSCLE 

SMOOTH MUSCLE 
TM-1 FIBROBLAST 

TM-4 gene 

TM-4 FIBROBLAST 

hTMnm gene 

SKELETAL MUSCLE 

FIBROBLAST TM30nm 
(TM-5) 

WUAJI - • 

1111111111 - • 

1111111111 ~ • 

WUAJI=== - -

1111111111 - 111111 

1111111111 - -

WUAJI - -

1111111111 - • 

~ - -
1111111111 ~ • 

284aa 

284aa 

284aa 

284aa 

248aa 

248aa 

281 aa 

251 aa 

245aa 

284aa 

284aa 

248aa 

284 aa 

248 aa 

Figure 2. Schematic representation of the TM isoforms expressed from the mammalian TM 
genes. The a gene striated muscle isoform is frequently referred to as the a-fast twitch isoform, 
while the hTMnm gene encodes a skeletal muscle isoform which corresponds to the a-slow 
twitch isoform. Fibroblast TM-4 corresponds to the human platelet TM30 isoform. The 
human hTMnm isoform has also been identified in mouse (Takenaga et a!., 1990) and rat 
(Guo and Helfman, unpublished data) as is also referred to as TM-5. The length of each 
protein in amino acids is indicated on the right. 

fibroblasts, reveal that tropomyosin is associated with the actin-containing microfila
ments of the cytoskeleton. Microfilaments of fibroblasts represent dynamic struc
tures that can exist in different supramolecular forms, such as microfilament bundles 
(stress fibers), microfilament meshworks, polygonal networks, and contractile rings. 
The particular TM isoforms involved in these higher-order actin structures are not 
known. The multiplicity of TM isoforms raises the possibility that specific associa
tions of given isoforms are required for these distinct actin structures. Differences in 
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the localization of various isoforms have been demonstrated with antibodies recog
nizing only the high molecular weight TMs versus those recognizing only the low 
molecular weight isoforms (Lin, Hegmann, and Lin, 1988). The low molecular weight 
forms were found in both ruffles and stress fibers whereas the high molecular weight 
forms were found only in stress fibers. These differences in the distribution of 
different TM isoforms suggest distinct, although unidentified, roles for the various 
isoforms. 

Different biochemical properties have been reported for various nonmuscle 
isoforms. For example, studies of rat fibroblast TMs demonstrated that a mixture of 
the low molecular weight TM isoforms (termed TM-4 and TM-5) bound weakly to 
F-actin whereas the higher molecular weight isoforms (TM-1, TM-2, and TM-3) 
bound more strongly (Matsumura and Yamashiro-Matsumura, 1985; Yamashiro
Matsumura and Matsumra, 1988). Similarly, it was shown that the low molecular 
weight TM isoform of equine platelets bound actin with low affinity (Cote', Lewis, 
and Smillie, 1978) as does the low molecular weight TM isoform of brain (Broschat 
and Burgess, 1986). In contrast, however, the low molecular weight TMs isolated 
from human erythrocytes (Fowler and Bennett, 1984) and chicken intestinal epithe
lial cells (Broschat and Burgess, 1986) have been shown to bind with much greater 
affinity, similar to high molecular weight isoforms. These studies clearly indicate that 
different biochemical properties are a characteristic of specific isoforms, suggesting 
the possibility of distinct functions in vivo. For example, one possibility is that TM 
may stabilize actin filaments in nonmuscle cells. This function has been inferred from 
in vitro experiments which have also shown that TM protects actin filaments against 
the severing action of gelsolin (Fattoum, Hartwig, and Stossel, 1983; Ishikawa, 
Yamashiro, and Matsumura, 1989) or the activities of brain depolymerizing factor 
(Bernstein and Bamburg, 1982). Other experiments have shown that the nonmuscle 
TMs prevent villin induced severing or bundling ofF-actin (Burgess, Broschat, and 
Haydon, 1987), but they were unable to prevent bundling caused by 55-kD protein 
(Matsumura and Yamashiro-Matsumura, 1986). These studies used mixtures of 
individual isoforms, but indicate that different isoforms can have different biochemi
cal properties. 

At present, few studies have addressed the function of TM isoforms in living 
cells. Alteration of intracellular granule movement resulted after microinjection of 
antibodies to TM into chick fibroblasts, suggesting an involvement of TM in 
intracellular motility (Hegmann, Lin, and Lin, 1989). In yeast, gene disruption 
studies suggest a role for TM in actin filament assembly, secretion and cell division 
(Liu and Bretscher, 1989, 1992; Balasubrammanian, Helfman, and Hemmingsen, 
1992). 

Transformation of cells in tissue culture result in a variety of cellular changes 
including alterations in cell growth, adhesiveness, motility, morphology, and organi
zation of the cytoskeleton. Morphological changes are perhaps the most readily 
apparent feature of transformed cells. These changes in cell shape are clearly 
associated with the cytoskeleton. Immunofluorescence and electron microscopic 
studies have shown that transformed cells exhibit profound changes in the organiza
tion of microfilaments. Such studies reveal that microfilament bundles exist in a more 
dispersed state and are reduced in size and number in transformed cells. In addition, 
these changes in microfilament structure are highly related to both anchorage
independent growth and cellular tumorigenicity (Shin, Freedman, Risser, and 
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Pollack, 1975), suggesting a role for microfilament alteration in oncogenic transfor
mation. The molecular, biochemical and structural bases for these alterations of 
microfilament cables in transformed cells are poorly understood. The altered expres
sion of a number of individual cytoskeletal proteins have been implicated in the 
transformed phenotype including actin, tropomyosin, gelsolin, caldesmon, and myo
sin light chain. A number of groups have analyzed the expression of the protein 
components of microfilaments before and after transformation. Interestingly, com
parative two-dimensional protein gel analysis of normal and transformed cells has 
revealed that of the numerous cytoskeletal proteins, tropomyosin expression is 
selectively altered in some transformed cells (Hendricks and Weintraub, 1981, 1984; 
Leonardi, Warren, and Rubin, 1982; Matsumura et al., 1983a,b; Cooper, Feuerstein, 
Noda, and Bassin, 1985; Lin, Helfman, Hughes, and Chou, 1985; Leavitt, Latter, 
Lutomski, Goldstein, and Burbeck, 1986; Fujita et al., 1990). In general, these 
studies demonstrate that in several transformed cells one or more of the major TM 
isoforms of higher molecular weight (284 amino acids) are decreased or missing, 
whereas the levels of one or more of the lower molecular weight (248 amino acids) 
TM isoforms are increased. These alterations in TM expression appear to correlate 
well with the rearrangement of microfilament bundles and morphological alterations 
observed in transformed cells. Recently it was reported that forced expression of 
fibroblast TM -1 in transformed cells led to reversion of some features associated with 
the transformed phenotype including loss of anchorage-independent growth and the 
ability to form tumors in athymic mice (Prasad, Fuldner, and Cooper, 1993). Using a 
Kirsten virus transformed rat kidney cell line (NRK1569) in which TM-1 expression 
is reduced about 50% and which expresses no detectable TM-2 or TM-3 (Matsumura 
et al., 1983a), we found that stable expression of TM-2 or TM-3 leads to a partial 
restoration of microfilament bundles and cell spreading (Kazzaz, Pittenger, and 
Helfman, unpublished observations). Collectively, such studies indicate that alter
ations in TM-1, TM-2, and TM-3 play a role in the transformed phenotype. One 
hypothesis to emerge from these studies is that formation of stable microfilament 
bundles in fibroblasts will require the presence of a high molecular weight TM 
isoform (284 amino acids) from both the a gene (TM-2 and/or TM-3) and~ gene 
(TM-1). 

While the function of TM in the regulation of skeletal and cardiac muscle 
contraction is fairly well understood, the role that TM plays in the regulation of 
myosin motor proteins in other cell types is not known. At present, three major types 
of motor proteins have been identified: myosins, dyneins, and kinesins. These 
molecules move along either actin filaments (for myosin) or microtubules (for dynein 
and kinesin). TM can influence the interaction of myosin and actin. As already 
discussed, in skeletal muscle TM in association with the troponin complex regulates 
the interaction of myosin heads with thin filament actin in a Ca2+ -dependent 
manner. The TM-troponin complex is inhibitory to contraction when the intracellu
lar calcium concentration is low, working either by a steric blocking mechanism or 
t~rough allosteric interactions. In smooth muscle and nonmuscle cells TM plays a 
different role because there is no troponin complex. Biochemical studies have shown 
that under conditions that would produce inhibition of the actin activated myosin 
MgA TPase by skeletal TM, smooth muscle and nonmuscle TMs have a stimulatory 
effect. For example, when smooth muscle or brain tropomyosins (Sobiezek and 
Small, 1981) were substituted for skeletal TM in an actin activated MgATPase assay 
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using heavy meromyosin, these TMs were found to be stimulatory while the skeletal 
TM was inhibitory. In nonmuscle cells, exactly which myosins take part in such 
cellular functions as locomotion, extension of fila podia or lamellapodia, mitosis and 
cytokinesis is an area of active investigation. Cells contain both single headed 
(myosin I's) and two-headed myosins (myosin II's). A specific isoform of myosin II is 
usually found in a particular cell type (striated muscle, smooth muscle or nonmuscle 
cell) while several types of myosin I are expressed in a given cell. The nonmuscle 
myosin Is are by far the larger class and appear to be involved in vesicle movement 
and membrane association. The motor activities of these myosins may be regulated 
by cellular calcium levels, distinct kinases or TM isoforms. With the identification of 
at least four subclasses of myosin I's (Cheney, Riley, and Mooseker, 1993), the effects 
of different TM isoforms on myosin ATPase activity and motor functions will need to 
be carefully investigated, and despite great interest in these actin based motor 
proteins only a few studies have addressed these questions. 

Evolutionary Considerations of Alternative RNA Processing 
and Isoform Diversity 

Tropomyosins represent just one family of proteins that exhibit extensive isoform 
diversity due to alternative RNA splicing. The different isoforms appear to be 
required for the physiological needs of various cells and tissues, although the 
function of each isoform is just beginning to emerge. The expression of a diverse 
group of isoforms in a highly tissue-specific manner strongly suggests that each 
isoform will be required to carry out specific cellular functions. In addition to the 
obvious questions regarding the functional significance of protein isoform diversity, 
the generation of protein isoforms via alternative RNA splicing raises a number of 
general issues. For one, some gene families exhibit a large number of family members 
without exhibiting alternative RNA processing for the generation of protein isoform 
diversity e.g., intermediate filament proteins, actins, and G-proteins. In contrast, 
other gene families exhibit complex patterns of alternative splicing for the generation 
of diversity, e.g., tropomyosins, troponins, and N-CAMs (neural adhesion mol
ecules). What factors played a role during evolution that led to an increase in 
complexity due to alternative splicing, as opposed to expansion of the number of 
members in a gene family, i.e., gene duplication, are not known. The explanations for 
multigene families include a number of hypotheses including a need for functional 
redundancy, a requirement for distinct cis-elements to regulate the level of gene 
expression, i.e., transcription, and isoform-specific functions in different cell-types. 
While examples can be found in nature to support each hypothesis, in the case of 
alternatively spliced genes it would appear that the requirement for isoform-specific 
functions is a major factor for such protein diversity. Another question is the 
evolution of RNA splicing (reviewed in Gestland and Atkins, 1993), and for 
alternative RNA splicing, how the cis-acting elements and cellular factors involved in 
the regulation of alternatively spliced exons "co-evolved." Clearly, to regulate a 
particular splice choice used in different tissues and cell types, regulatory molecules 
must also be expressed in a cell type-specific manner. Understanding the evolution of 
RNA processing and alternative RNA splicing will no doubt give greater insights into 
the complex questions of molecular evolution. 
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The actin filament-based cytoskeleton is a hallmark of eukaryotic cells where it may 
comprise over 25% of total cellular protein. None of the many proteins which 
comprise the actin cytoskeleton are known to exist in eubacteria or archaebacteria, 
hence it has been speculated that this system is one of the features that made 
eukaryotic life possible on earth and differentiates the prokaryotic and eukaryotic 
divergence. The argument is that the ability of this system to resist and transmit 
mechanical forces and to produce internal forces for cellular motility alleviated the 
need for a protective cell wall and allowed early eukaryotic cells the freedom to move 
toward prey and away from danger. 

We know about more than 50 different distinct actin binding proteins, many of 
which are found in all branches of the eukaryotic phylogenetic tree (Pollard, 1993). 
Thus, although exceptions may exist, most of these proteins were present in the 
primitive eukaryotic progenitor of animals, plants and fungi and are therefore as 
evolutionarily ancient as actin itself. The actin binding proteins fall into several 
classes including actin monomer binding proteins, actin filament capping proteins, 
actin filament cross-linking proteins and myosin motors that move along actin 
filaments. 

Profilin Structure and Function 

We will concentrate on a small actin monomer binding protein called profilin. 
Profilins are remarkable in an evolutionary context because, in spite of the fact that 
they bind several different ligands and have the same three dimensional structure in 
amoebas and mammals, the sequences of the known profilins are extremely diver
gent. In addition, the available evidence suggests that the isoforms present in 
contemporary species have arisen after the divergence of the major branches of the 
phylogenetic tree, a feature that differs from the actin-based motor proteins, the 
myosins (Goodson and Spudich, 1993; Cheney, Riley, and Mooseker, 1993). For 
these reasons, profilins may be useful in studying the evolution of the components of 
the actin cytoskeleton. 

Profilins are small proteins, consisting of 125 to 153 amino acid residues, present 
in very high concentrations in the cytoplasm of vertebrates, plants, echinoderms, 
slime moulds, ciliates, and amoebae (Machesky and Pollard, 1993). Even vaccinia 
virus has a profilin gene that is expressed at high levels late in infection (Blasco, Cole, 
and Moss, 1991). Of all ofthe proteins in nonmuscle cells, only actin (100-250 11-M) 
usually exceeds profilin (20-100 11-M) in concentration. Profilin is essential for 
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normal growth of yeast cells which are temperature sensitive and severely disabled 
without it (Haarer, Lillie, Adams, Magdolen, Bandlow, and Brown, 1990). Plant 
profilins are now known to be major human allergens (Valenta, Duchene, Petten
burger, Sillaber, Valent, Bettelheim, Breitenbach, Rumpold, Kraft, and Scheiner, 
1991). 

The atomic structures of Acanthamoeba profilin-1 (Vinson, Archer, Lattman, 
Pollard, and Torchia, 1993; Fedorov, Magnus, Graupe, Lattman, Pollard, and Almo, 
1994) and bovine profilin (Schutt, Myslik, Rozychi, Goonesekere, and Lindberg, 
1993) share most important features. The amoeba profilin structure (Fig. 1) was 
determined independently by multidimensional NMR (Vinson et al., 1993) and by 
x-ray crystallography (Fedorov et al., 1994). The bovine profilin structure was 
determined by x-ray crystallography as a complex with actin (Schutt et al., 1993). 
Both profilins are built around a six-stranded, antiparallel beta sheet flanked on one 
side by two long helices comprised of the NH2- and COOH-terminal sequences of the 
polypeptide. The other side of the sheet is covered by short helices and a pair of beta 

Figure 1. Crystal structure of 
Acanthamoeba profilin-1. A rib
bon diagram of the fold of the 
protein based on the x-ray 
structure of Fedorov et al., 
(1994; Vinson et al., 1993). This 
figure was kindly provided by 
Dr. Valda Vinson. 

strands. The architecture of the bovine profilin is similar, except that the bovine 
profilin has somewhat longer surface loops connecting beta strands 1 to 2, 5 to 6, and 
6 to 7. The similarity of tertiary structure is remarkable given the many differences in 
primary structure discussed below. 

Profilins bind at least four different ligands (Fig. 2). Profilin was originally 
discovered as actin monomer binding protein (Carlsson, Nystrom, Sundkvist, Mar
key, and Lindberg, 1976). From the crystal structure of the complex we know that the 
long COOH-terminal helix of profilin along with adjacent residues from helix-3, beta 
strands 4, 5, 6, and 7 contact the actin molecule. Earlier chemical cross-linking 
experiments (Vandekerckhove, Kaiser, and Pollard, 1989) had established that 
COOH-terminal helix of profilin contacts the COOH-terminal part of actin mono
mers, strongly supporting the conclusion that the contacts observed in the crystal are 
used in solution. 

Binding profilin alters the behavior of the actin molecule in two ways. First, 
profilin strongly accelerates the dissociation of the adenine nucleotide bound to actin 
(Mockrin and Korn, 1980). Because profilin binds and dissociates on a subsecond 
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time scale, it can move rapidly form one actin molecule to the next and promote 
nucleotide exchange in a catalytic fashion (Goldschmidt-Clermont, Machesky, Do
berstein, and Pollard, 1991b). Second, profilin bound to actin monomers inhibits the 
nucleation and elongation of actin filaments, especially at their slow growing end 
(Pollard and Cooper, 1985; Lal and Korn, 1985; Goldschmidt-Clermont et al., 
1991b). 

Profilins also bind poly-L-proline (Tanaka and Shibata, 1985). This interaction 
involves aromatic and other hydrophobic residues between the NHz- and COOH
terminal helices (Archer, Vinson, Pollard, and Torchia, 1994) and mutation of these 
residues can prevent binding (Bjorkegren, Rozycki, Schutt, Lindberg, and Karlsson, 
1993). The physiological significance of this activity remains to be established, 
although a number of cytoplasmic proteins have sequences enriched in proline. 

Many profilins also bind to polyphosphoinositides (Lassing and Lindberg, 1988; 
Machesky, Goldschmidt-Claremont, and Pollard, 1990), a minor class of phospholip
ids found the cellular membranes. One of these lipids, phosphatidylinositol bisphos-
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Figure 2. Diagram of the inter
action profilins with their vari
ous ligands. The size of the 
arrows are roughly proportional 
to the values of the rate con
stants for the reactions. 

phate (PIP2), is the substrate for the production of the important second messengers 
inositol trisphosphate and diacylglycerol. The polyphosphoinositides compete with 
actin for binding profilin (Lassing and Lindberg, 1985). Candidate polyphosphoinosit
ide binding sites have been identified by comparing the sequences (Machesky et al., 
1990) and atomic structures (Fedorov et al., 1994) of two isoforms ofAcanthamoeba 
profilin. Profilin-11 binds PIP2 10 times more strongly than profilin-1 and has a 
surface pocket a much higher positive charge than profilin-1. This site is the right size 
to bind a small cluster of negatively charged PIP 2 head groups exposed on the surface 
of a lipid bilayer. This interaction of profilin with phosphatidylinositol-bisphosphate 
may regulate the production of the second messengers because profilin inhibits the 
access of phospholipase Gy 1 to its substrate, unless this enzyme is phosphorylated by 
activated growth factor receptor tyrosine kinases (Goldschmidt-Clermont, Kim, 
Machesky, Rhee, and Pollard, 1991a ). In this way, profilin is an essential negative 
regulator required for the receptors to turn on the activity of the phospholipase. 

Amoeba profilins also bind to a complex of seven polypeptides that are localized 
in the cortex of the cell (Machesky, Cole, Moss, and Pollard, 1994). The complex 
includes two unconventional actins, the most likely candidates in the complex for 
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binding profilin. In addition, over expression of profilin can suppress defects in yeast 
cyclase associated protein called CAP (Vojtek, Haaer, Field, Gerst, Pollard, Brown, 
and Wigler, 1991). The vertebrate homologues of CAP are actin binding proteins 
(Gieselmann and Mann, 1992), and the yeast CAP is also involved with signaling 
from activated ras to adenyl cyclase. 

An interesting but untested hypothesis is that profilin may act as a second 
messenger in cells. By virtue of its multiple binding sites, it may be able to carry 
information from growth factor signaling pathways to the cytoskeleton or other 
cellular systems. 

In following sections, we examine the phylogenetic relationships of profilin in 
view of its proposed multiple functions and the great variability of its primary 
structure. 

TABLE I 
Organism and Sequence References 

Organism Code Accession number Reference 

Homo sapiens HSAP Genbank:J03191 Kwiatkowski and Bruns (1988) 
Mus musculus MMUS Genbank:X14425 Sri Widada eta!. (1989) 
Bos primigenius taurus BTAU SwissProt: P02584 Nystrom eta!. (1979) 
Vaccinia virus VACC PIR:B40897 Blasco eta!. (1991) 
Drosophila melanogaster DMEL Genbank:M84529 Cooley et a!. (1992) 
Betula verrncosa BVER EMBL:M65179 Valenta eta!. (1991) 
Clypeaster japonicus CJAP PIR:S13197 Takagi eta!. (1991) 
Anthocidaris crassispina ACRA PIR:Sl3198 Takagi eta!. (1991) 
Saccharomyces cerevisiae SCER Genbank: Y00463 Oechsner eta!. (1987) 
Dictyostelium discoideum DDil Genbank:X61581 Haugwitz eta!. (1991) 
Dictyostelium discoideum DDI2 Genbank:X61580 Haugwitz eta!. (1991) 
Physarum polycephalum PPOl Genbank:M38037 Binette eta!. (1990) 
Physarum polycephalum PP02 Genbank:M38038 Binette eta!. (1990) 
Acanthamoeba castellanii ACC1 PIR:A22163 Vandekerckhove eta!. (1989) 
Acanthamoeba castellanii ACC2 PIR:S00282 Ampe eta!. (1988) 
Tetrahymena pyriformis TPYR Genbank:D00813 Edamatsu eta!. (1991) 

Genbank v. 71, EMBL v. 30, PIR v. 31, SwissProt v. 21. 

Profilin sequences were obtained for the 16 organisms from the sources and databases as 
noted. The codes are used for clarity and to label the phylogenetic trees. 

Methods for Sequence Analysis 

The 16 profilin sequences used in this study were collected in mid 1993 from the on 
line sequence resources listed in Table I. Additional sequences are rapidly being 
added to the data base, so that this analysis can be extended significantly in the near 
future. Amino acid sequences were used for the phylogenetic analyses to avoid codon 
bias errors. All computer programs were run on a Macintosh IICi. The sequences 
were aligned by the progressive pairwise alignment method of Feng and Doolittle 
(1987, 1990) including prealignment using the programs PREALIGN and ALIGN. 
For a comparison, the alignment program CLUSTAL V (Higgins, Bleasby, and 
Fuchs, 1992) was employed. The ALIGN generated alignment was used in subse
quent analyses. Two separate phylogenetic methods were utilized, maximum parsi-
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mony and distance matrix, as implemented in the PHYLIP package of programs 
(Felsenstein, 1989, 1993). 

For the maximum parsimony analysis, the alignment of the 16 profilin sequences 
(including gaps) served as input to the PHYLIP program SEQBOOT. This program 
constructed a multiple sequence data set comprised of 50 random resamplings of the 
original input alignment and included five rounds of randomized order entry to avoid 
load order bias. This bootstrapped data set (Felsenstein, 1985) was used as input to 
the PHYLIP parsimony program PROTP ARS. This program searched for the most 
parsimonious tree from each data set and was configured for five rounds of 
randomized order entry per data set. The output file was used as input to the 
PHYLIP program CONSENSE which calculates a strict majority rule consensus 
tree. For this part of the analysis TPYR was used as the outgroup root, but the 
resulting tree is still considered unrooted. 

In the distance matrix method, the ALIGN alignment file was input into the 
PHYLIP program PROTDIST which calculates a distance matrix using the Dayhoff 
PAM 001 matrix, (Dayhoff, 1979). The resulting distance matrix was input into the 
PHYLIP program FITCH which implements the Fitch-Margoliash (1967) method of 
fitting trees to distance data. The best tree minimizes: 

L L nii(Dii - dij)
2 

; i PDij 

where Dii and dii are the observed and expected distances between organisms i and j, 
nii is the number of times a distance has been replicated (here n = 1 ), and P is the 
power (P = 2 for the Fitch-Margoliash method [Fitch-Margoliash, 1967]). FITCH 
was run with nonnegative branch lengths, the TPYR sequence as the outgroup root, 
ten rounds of randomized order entry, and global branch swapping. This last option 
reconsiders the position of every organism in the tree, after the tree is calculated, by 
removing and replacing every member, hence the final tree is improved. Our distance 
matrix analysis concerns only tree topology and not time of divergence. 

Sequence Comparisons and Evolutionary Relationships of Profilins 

In spite of major differences in primary structures and polymer length, the full-length 
sequences of all 16 profilins can be aligned in a significant fashion by means of the 
Feng and Doolittle (1987, 1990) algorithm of progressive pairwise alignment includ
ing the prealignment of highly homologous sequences (Fig. 2). This alignment 
required a number of insertions. Relating the positions of these gaps to the 
secondary structure deduced from the atomic models of profilins, most, but not all, of 
these insertions are in surface loops connecting elements of secondary structure 
(Compare Fig. 1 with 3). Within the groupings of mammalian, fungal, echinoderm 
and slime mold profilins, the sequences are similar throughout their entire lengths. 
Simple pairwise alignment, as implemented in the program CLUST AL V (Higgins et 
al., 1992), gave a similar alignment and similar distance scores (data not shown) 
indicating the robustness of the observed relationships. 

Sequence similarity ranges from 11 to 96%, with corresponding evolutionary 
distances of 213 to 2. Tetrahymena profilin (TPYR) is clearly distinct from the other 
15 profilins in that it contains two amino acid insertions that force gaps in the 
alignment. The sequence YNNYQIDVEGQ is inserted in the connection between 
beta strand-2 and helix-2. The sequence QQNGV is inserted just before the 



122 Molecular Evolution of Physiological Processes 

COOH-terminal helix (see Figs. 1 and 3). The sea urchin (ACRA and CJAP) and 
birch (BVER) profilin sequences each contain a single insertion after the NHz
terminal helix. The six residue sequence (DLRTKS) in the human profilin (HSAP) 
forms most of the beta-6 strand, but does not align with the beta-6 strand of the 
amoeba profilin. This region will require further detailed analysis, because it 

HSAP MAGWNAYID. NLM ..•... ADGTCQDAAIVGYKDSPSVWAAVPGKTFV •.•...... , • N 

MMUS ---------. S-- ••••.• -- --------------------------- ••.... , , .•. S 

BTAU , --------.--- .. , ... -N--------------------------- .. 

VACC --E-HKI -E. DIS .....• KNNKFE--- --0--TTKN-L-- I -NR--A ......••••. K 

ACCl , , T-QS-V-T--V ....•• GT-AVTQ---L-LDG .. NT--SFA- •. - ............ A 

ACC2 .. T-QS-V-T--V, ..... GT-AVTQ---1-HDG •. NT--TSA- .. -, , . . .. A 

PPOl .MS-Q--V-DQ-V .•.... GT-HVIG---1-HDG .. N---SKN .... L ...... , , . .S 

PP02 .MS-QT-VHEQ-V ..••.. GT-QLDG-I-1-LDG .. NS--SKN. , , , L ........... T 

DDil .MS-QQ-V-EQ-T ...... GA-LS-G-ILGANDG, .G---KSS- ... I. 

DDI2 .MT-Q--V-N--1., .... GA-FASA-LLGAADG .. ----HSA-, , ............ . 

BVER .MS-QT-V-EH-- .CDIDGQASNSLAS----HDG, , ----QSSS .. -P.... . .. Q 

SCER .MS-Q •.••• , •••....... -KVDK-V-YSRAG DA---TSG-, , .L... . . .. S 
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.MS-QD-V-NQ-L .•.... -SQCVTK-C-A-HDG .. NI--QSS-. , . F. . . E 

.. S-DS---NLIAQTKDASGT-HSDK-C -I- IDG. GAP-TTAGHANAL .......• , .. K 

.. S-DS---NLVAQTKDASGTAHSDR-C-I -LDG. GAP-TTAGHANAL ........... K 

-S--DQ-VQ. Y-T ...... -NQQVEYGL-1-KT- .GTI--SNV-L-TLYNNYQIDVEGQK 

ITPAEVGVLVG .• KDR, . SSFYVNGLTLGGQKCSVIRDSLLQDGEFSMDLRTKSTGGAPT 

-----------. , --- .. ---F--- -------------------- -T- ------------

-------I--- .. --- .. ---F--------E-------------- -T--- ----------
-N-G-IIP- I .• TNR •. N •. ILKPL. IGQKYCIVYTNSLMDENTYAMEL ... LTGYAPV. 

V-- -QGTT-A-AFNNA .. DAIRAS-FD-A-VHYVTL-AD .. DRSIYGK ...... K-A- .. 

VS- -NGAA-ANAF--A .. TAIRS--FE-A-TRYVT- -AD .. DRSVYGK ...... K-S-. 

LKAG-GAKI -NGF--S .. A-VLSG- IFVD- --YLT-KAD •. DKSIYGK. . . K-AG. 

LKAG-GQAIAALF-TP .. ANVFAS- I-IN-I -YMG-KGD .. SRSIYGK ...... K-AT. 

- -KP-GDGIAALF-NP .. AEVFAK-ALI --V-YMG-KGD, . PQSIYGK. . . , K-AT. 

FNV- -GKAITALFQKD .. GAAFAT- IHVA- K-YMA-KSD, • TRSAYGK .... , . L-AG. 

FK-Q-ITGIMKDFEEP .. GHLAPT--H- --I -YM- -QGE. AGAVIRGK ....•• K-SG. 

LQ-N- I-EI -QGFDNP .. AGLQS---HIQ---FMLL-AD .. DRSIYGR ...... HDAE. 

V-KE-LSK- ISGFDQQ .. DGLTS--V--A- -RYIYLSGT. , DRVVRAK. . . .. L-RS. 

LEGQ-GPNIARCF-SKDFTP-MSS- IVAD-T-YQFL-EE. DGKLVLAK. . . KK-QG. 

LQGT-GANIAKCF-SKDF-A-MAG-VHAE-1-YQFL-EE. DAKLVLAK ..... KK-EG .. 

ANVN -TAN- LAAMNNNGVPTDPLC- IRIMN-- YYTVKYDADSQVWYLK . . .. KDHG . 

FNVTVTKTDKTLVLL ... MGKE ..... GVHGGLINKKCYEMASHLRRSQY 

------M-A------ ... ---- .... ------------------------

--1---M-A------ ... ---Q ..... -----M------Q----------
SPIVIAR-HTA-IF- ... ---P ..... TTSRRDVYRT-RDH-TRV-ATGN 

.G-ITV--8-AILVG ... VYN- ..... KIQP-TAANVVEKL-DY-IGQGF 

ACC2 .G-ITV--8-AILIG ... VYN- ..... KIQP-TAANVVEKL-DY-IGQGF 

PPOl .G-VLV--GQSVLIG ... HYN- ..... TIQP-QATTVVEKL-DY--ENG-

PP02 .G-ATVI-GQCILIG ... YYN- ..... KQQP-NAALVVEKL-DY-IENG-

DDil .GCVLVR-GQAIIVG ... IYDD ..... K-QP-SAALIVEKLGDY--DNG-

DDI2 .G-VCV--LTCIIVA ... VYDD ..... KLQP-AAANIAEKL-DY-IDNNC 
BVER .GI-IK--GQA--FG ... lYE- ..... P-TP-QC-MVVERLGDY-IDQGL 

SCER .G-VCVR-KQ-VIIA ... HYPP ..... T-QA-EAT-IVEQL-DY-IGV--

DMEL .G-HCM--TQAVIVS ... IYED ..... P-QPQQAASVVEKLGDY-ITCG-

ACRA .AL-LQSSKTAI-IG ... HAP- ..... -GQQ-NT--GVAVI-EY-ESLGM 

CJAP .AI-LQASKTAI-IA ... HCP- ..... -GQQ-NT--GVSVI-EY-ESLGM 

TPYR .GACIAI-NQA--IGTFDIT-KQQNGVAQNP-QV--VVESL-AT-KQAG-

Figure 3. The alignment of the 
16 profilin amino acid se
quences based on progressive 
pairwise alignment. The upper
case letters refer to the stan
dard single letter amino acid 
code and asterisks denote indi
vidual residues in the align
ment that are common to at 
least 75% of the organisms. 
Dots within the sequence are 
gaps placed by the alignment 
program for optimality and 
dashes represent identical resi
dues in comparison to HSAP. 
Sequence code names are as in 
Table I. 

partiCipates in binding actin (Schutt et al., 1993). In addition to these major 
sequences, many of the profilins have scattered double or single amino acid inser
tions. 

In spite of the highly conserved tertiary structure of profilin, only 15 amino acid 
residues are shared by 75% of the profilin sequences that we have surveyed and only 
the tryptophan near the NH2-terminus is invariant! We expect that this sequence 
diversity will grow with the size of the data base. The majority of amino acid 
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substitutions are conservative. The profilins range in length from 117 amino acids 
(SCER) to 153 amino acids (TPYR). As expected, closely related profilins have 
similar numbers of residues, but there is no real trend in length and evolutionary 
distance. 

Profilin isoforms range in identity from 83% for Acanthamoeba ACC1 and 
ACC2, to 66% for Physarum PP01 and PP02 to 55% for Dictyostelium DDil and 
DDI2. Profilin isoforms from single organisms generally differ in isoelectric points, 
with an acidic and basic isoform. In one example, the isoforms have different 
activities. In Acanthamoeba, the basic isoform, profilin-II, binds PIP2 much more 
strongly than the acidic isoform, profilin-I (Machesky et al., 1990). 

The isoforms from each species are more closely related to each other than to 
any other profilins, suggesting that they have all arisen by gene duplication after the 
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Figure 4. Majority-rule strict 
consensus phylogenetic tree of 
the profilins based on a maxi
mum parsimony analysis of the 
aligned amino acid sequences 
in Fig. 1. Branch lengths are 
not proportional to evolution
ary distance. The numbers at 
each branch indicate the boot
strap value, which is the num
ber of parsimony trees calcu
lated out of a total of 50 which 
indicate the division of organ
isms defined by that branch. 
Fractional values arise when 
multiple trees of equal parsi
mony are found for any one of 
the 50 samples. 

species diverged from each other. The evolution of myosin isoforms differs dramati
cally, because the main isoforms appear to have been present in the progenitors of 
fungi, insects and animals (Goodson and Spudich, 1993; Cheney, Riley, and Mooseker, 
1993). 

Maximum parsimony analysis (Fig. 4) indicates that profilin proteins cluster into 
five main groups: the mammal and the animal virus (HSAP, MMUS, BTAU, 
VACC), Tetrahymena alone, the echinoderms (CJAP and ACRA), the Physarum
Saccharomyces group (PP01, PP02, and SCER) and the remaining sequences which 
comprise a rather diverse group including plants, flies, amoebas, and a cellular slime 
mold (BVER, DMEL, ACC1, ACC2, DDil, DDI2). Each isoform from a single 
organism clusters together indicating intra-species gene duplication. Bootstrap 
values of 100% are identified for branch points separating the urchin sequences from 
each other, as well as from the ancestral node; and for the BTAU, VACC, and 
ACC nodes. Lower confidence bootstrapping (from 12.6 to 72.6%) is found for 



124 Molecular Evolution of Physiological Processes 

the remaining nodes. The lowest confident node of 12.6%, which marks the 
Acanthamoeba branch from the main trunk, is however followed by the 100% 
bootstrap level for the ACC1-ACC2 subgroup. The lower bootstrap confidence in 
the invertebrate group is reflected by an average lower divergence value calculated 
by distance methods and is reflected in the phylogenetic tree generated from the 
distance matrix. 

Distance measurements (Table II) and the resulting distance matrix tree (Fig. 
5) show that the profilins cluster into three main groups: the mammalian profilins 
(including V ACC, although that sequence is diverging rapidly from the group), 
Tetrahymena, which as in the maximum parsimony tree, is a possible outgroup root, 
and all the remaining profilins (although the sea urchin sequences are diverging from 
this grouping). Generally speaking, the results of this analysis are in accord with 
accepted evolutionary taxonomy, that is the invertebrate proteins diverge from the 
ancestral node before the vertebrate profilins. The first invertebrate branch sepa-

TABLE ll 
Percent Identity after Progressive Pairwise Alignment/Evolutionary 
Distance (xtOO) 

HSAP MMUS BTAU VACC ACC1 ACC2 PP01 PP02 DDil DDI2 BVER SCER DMEL ACRA CJAP TPYR 
HSAP 95.7 92.1 32.3 27.1 28.7 27.1 19.7 22.8 21.5 28.0 25.2 22.0 20.3 20.3 21.5 
MMUS 1.8 93.5 32.3 25.4 27.1 27.1 20.5 22.8 20.7 27.2 26.1 21.1 20.3 20.3 21.5 
BTAU 6.9 5.6 33.3 24.6 26.2 23.8 18.9 23.6 20.7 27.2 24.4 19.5 19.5 20.3 20.5 
VACC 79.3 81.0 85.9 15.3 14.4 15.3 11.0 16.0 12.0 17.4 18.9 13.5 10.5 10.5 19.1 
ACC1 107.4 110.4 113.8 163.0 83.2 51.2 52.9 44.4 47.2 36.0 37.7 42.7 28.8 28.8 29.0 
ACC2 104.8 107.4 108.2 166.1 8.8 56.1 52.0 41.1 47.2 37.6 38.6 44.4 33.6 31.2 27.4 
PPOl 109.2 110.9 111.6 165.1 44.6 36.9 65.6 51.2 44.7 40.8 49.6 41.6 37.1 34.7 33.1 
PP02 125.2 126.0 124.3 185.8 44.8 43.1 28.5 60.8 48.8 40.8 42.6 36.8 34.7 33.1 33.1 
DDil 114.2 117.2 113.9 175.2 54.0 50.1 39.8 34.0 54.8 44.4 42.2 40.5 27.2 26.4 28.8 
DDI2 128.2 129.7 132.5 200.1 56.0 53.0 53.5 47.9 44.8 37.1 39.5 37.1 23.6 25.2 23.6 
BVER 124.8 124.5 124.5 186.5 59.9 55.9 57.3 73.2 67.8 63.9 32.8 41.3 26.5 26.5 27.6 
SCER 118.5 122.9 121.6 162.7 69.3 63.5 60.2 68.8 65.2 77.6 64.9 39.7 29.3 29.3 24.8 
DMEL 129.8 128.5 130.1 171.3 69.4 65.6 59.5 72.6 76.5 74.8 69.2 87.5 24.0 23.2 27.2 
ACRA 138.6 141.5 142.8 208.2 103.3 96.5 86.0 95.7 109.5 124.9 110.5 103.5 106.7 83.5 22.9 
CJAP 138.5 140.1 142.6 212.8 100.2 98.4 86.2 95.9 113.1 120.8 110.4 101.9 103.3 9.1 22.1 
TPYR 137.7 134.9 140.9 176.5 124.7 124.3 111.2 118.7 127.1 133.1 132.5 133.1 133.5 140.4 140.3 

The set of numbers above the matrix diagonal refer to the percent identity between profilins 
after progressive pairwise alignment. Values below the diagonal are evolutionary distances. 

rates the Acanthamoeba and echinoderm sequences (ACC1, ACC2, ACRA, and 
CJAP) from the remaining invertebrates which then diverge into two main groups: 
the Dictyostelium/ Physarum branch and the yeast/birch/ Drosophila branch. 

The general topological features of the distance matrix tree mirror those of the 
consensus majority rule maximum parsimony tree. Both methods illustrate the slight 
taxonomic independence of subgroups within the invertebrate out grouping. The 
major difference in the two methods is the branch position of PP01 and PP02. The 
distance matrix tree does not place the two Physarum isoforms on an iso-branch 
point, although they are separated by a distance value of 28.5. Both methods clearly 
show that the mammalian profilins (HSAP, BTAU, MMUS, and VACC) along with 
Tetrahymena profilin (TPYR) have diverged most from the ancestral profilin. 

Vaccinia profilin (VACC) is an interesting outlier. Vaccinia virus specifically 
infects bovine species, producing cowpox, so the viral profilin gene must have 
originated in the cow genome (BT AU) and later was incorporated into the genome 
of the virus. Phylogenetic analysis (distance matrix or maximum parsimony) still 
group VACC with or close to the three mammalian profilins (HSAP, MMUS, 
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BTAU) supporting the bovine origin of vaccinia profilin. Since entering the viral 
genome, the V ACC sequence has diverged more than any other profilin in the 
analysis (Table II). This is reflected in its unique properties, having much lower 
affinity for actin and poly-L-proline than any other characterized profilin. The 
divergence of the sequence is demonstrated by the greater distances between V ACC 
and the other profilins compared to any of the other inter sequence distances. In 
addition, vaccinia profilin shows lowest average sequence identity to the other 
profilins. Most striking is the observation that in both tree types V ACC splits before, 
and is distinct from, the vertebrate subgroup. The physiological role of profilin in the 
virus life cycle is unknown, so we do not understand the selective pressures that have 
fostered the divergence of the sequence. Null mutations of the profilin gene do not 
prevent growth in culture, but virologists believe that all of the viral genes provides 
some selective advantage. 

An unexpected result of this analysis is that Drosophila profilin (DMEL) is 
closely related to the birch profilin (BVER), a conclusion supported by both 
phylogenetic methods. There is no a priori reason to suspect that tree and insects 
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Figure 5. Phylogenetic tree 
based on analysis of the dis
tance matrix in Table II of the 
aligned sequences in Fig. 1. 
The tree branch lengths are 
proportional to distance and 

VACC the tree has an average stan
dard deviation of 8.7 percent. 
The tree is unrooted and is 
calculated using nonnegative 
branch lengths and global opti
mization as implemented in 
FITCH. 

would have evolutionarily related profilin. More examples of insect and plant 
profilins are needed to elucidate the phylogenetic relationships between the DMEL/ 
BVER node specifically, and in general, to establish the profilin phylogeny of species 
that are intermediate to the vertebrates and lower eukaryotes in this study. 

The profilin family may be a good example of the inherent randomness of amino 
acid sequences (White, 1994), illustrating how a common tertiary structure can be 
maintained in the face of great variability in primary structure. An interesting 
possibility is that the abundance and variability of their primary structures may well 
contribute to making plant profilins major human allergens (Valenta et al., 1991). 
Clearly, many different amino acid sequences are compatible with the profilin fold, 
but variations of specific surface residues determine the ability of each to interact 
with the various ligands. For example, vaccinia profilin cannot interact with actin, 
because bulky side chains (tyrosine 79, arginine 114, and tyrosine 117) all interfere 
sterically with the contact with actin. Similarly, the viral profilin cannot bind 
poly-L-proline (Machesky, Ampe, Vandekerckhove, and Pollard, 1994), because 
several of hydrophobic residues contributing to the binding site in Acanthamoeba 
profilin (Archer et al., 1994) are missing. Characterization of additional profilins may 
reveal how the ligand binding sites have evolved and may clarify, for example, 
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whether lipid binding is a relatively new function that has been acquired more than 
once by convergent evolution of ancient profilins that originally bound to actin 
and/or poly-L-proline. In addition, the profilin family of actin binding proteins 
provides an excellent opportunity for the evolutionary study of the actin based 
cytoskeleton. 
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Summary 
This manuscript describes the chicken sarcomeric myosin heavy chain (MyHC) 
multigene family and how it differs from the sarcomeric MyHC multigene families of 
other vertebrates. Data is discussed that suggests the chicken fast MyHC multigene 
family has undergone recent expansion subsequent to the divergence of avians and 
mammals, and has been subjected to multiple gene conversion-like events. Similar to 
human and rodent MyHC multigene families, the chicken multigene family contains 
sarcomeric MyHC genes that are differentially regulated in developing embryonic, 
fetal, and neonatal muscles. However, unlike mammalian genes, chicken fast MyHC 
genes expressed in developing muscles are also expressed in mature muscle fibers as 
well. The potential significance of conserved and divergent sequences with the 
MyHC rod domain of five fast chicken isoforms that have been cloned and sequenced 
is also discussed. 

Sarcomeric MyHCs Are Encoded in a Differentially Regulated Multigene 
Family 
Sarcomeric MyHC isoform diversity is a common theme in all eukaryotes with 
striated muscles that have been studied (Bandman, 1985). With the single exception 
of Drosophila melanogaster in which a single MyHC gene produces different tran
scripts through alternative splicing events (Rozek and Davidson, 1983), the develop
ment of large and complex multigene families has been responsible for generating 
and maintaining MyHC diversity. However, alternative splicing of some nonmuscle 
and smooth muscle MyHC genes has been observed (Hamada, Yanagisawa, Katsur
gawa, Doleman, Nagata, Matsuda, and Masaki, 1990) suggesting that at least some 
subclasses of the myosin superfamily in birds and mammals may utilize differential 
splicing to generate diversity. 

Sarcomeric MyHC gene structure has been highly conserved. The organization 
of the rat embryonic (Strehler, Strehler-Page, Perriard, Periasamy, and Nadal
Ginard, 1986) and chicken embryonic (Molina, Kropp, Gulick, and Robbins, 1987) 
MyHC genes are very similar. Both genes contain two exons which encode the 
5' -untranslated region, the initiating codons of both genes are located in the third 
exon, and both encode proteins that are 1940 amino acids. Although intron se
quences and sizes are highly variable, all intron positions are exactly conserved with 
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~he _si_ngle _exception that the rat exon equivalent to the 401h exon of the chicken gene 
IS d~v~ded mto two exons 24 bp upstream from the stop codon. Five of the eight intron 
positions of a nematode MyHC gene (McLachlin, 1983) have been preserved in rat 
and chicken genes. This striking conservation of intron positions among vertebrate 
and invertebrate sarcomeric myosin genes suggests that the ancestral MyHC gene 
contained at least the common introns. However, it is unclear whether this pre
vertebrate MyHC gene was more highly split with introns removed during the 
evolution of lower organisms, or whether the additional introns found in present day 
vertebrate MyHC genes result from intron insertion events (Strehler et al., 1986). 

In vertebrates, isoform diversity at the protein level is accomplished by switching 
among the members of the MyHC multigene family. Differential gene expression 
during development and in different physiological fiber types, results in distinct 
MyHC isoforms in embryonic, neonatal, and adult muscles (Bandman, Matsuda, and 
Strohman, 1982). It is widely accepted that muscle fibers contain actin-activated 
myosin ATPase activities proportional to their contractile properties (Barany, 1967). 
Thus, rapidly contracting fibers are associated with fast MyHC isoforms while slow 
twitch or tonic fibers have slow MyHCs (Reiser, Moss, Giulian, and Greaser, 1985). 
This functional separation into two classes of MyHCs, fast and slow isoforms, is 
reflected in the genomes of species in which sarcomeric MyHCs have been cloned 
and sequenced. Fast and slow MyHC genes are found on separate chromosomes in 
rodent and human genomes (Leinwand, Saez, McNally, and Nadal-Ginard, 1983). 
The evolutionary divergence of fast and slow MyHC genes is also illustrated by the 
observation that fast MyHCs from phylogenetically diverse organisms such as fish, 
amphibia, birds, and mammals (Stedman, Eller, Julian, Fertels, and Sarkar, 1990) 
are much more homologous to each other than to slow MyHC genes. The same is 
true of the slow MyHC genes that have been characterized (Stedman et al., 1990). 
Both slow and fast MyHC gene subsets have been shown to exhibit gene switching 
during muscle development (Mahdavi, Izumo, and Nadal-Ginard, 1987). 

Although initially it appeared as though similar MyHC transitions occurred in 
chicken and mammalian muscles (Whalen, Sell, Butler-Browne, Schwartz, Bouveret, 
and Pinset-Harstrom, 1981; Bandman et al., 1982; Winkelmann, Lowey, and Press, 
1983), more recent studies indicate otherwise. Specifically, it appears that MyHC 
isoforms present in developing muscles of the chicken (embryonic and neonatal 
isoforms) are also expressed in many adult muscle fibers (Crow and Stockdale, 1986; 
Bandman and Bennett, 1988) and that there appear to be distinct programs of fast 
MyHC expression in different fast muscle fibers (Bandman and Bennett, 1988). With 
the exception of the extraocular and masseter (jaw) muscles of humans (Wieczorek, 
Periasamy, Butler-Browne, Whalen, and Nadal-Ginard, 1985; Soussi-Yanicostas, 
Barbet, Laurent-Winter, Barton, and Butler-Browne, 1990), adult mammalian skel
etal muscles contain no embryonic or perinatal myosins and all fast fibers appear to 
have a similar program of MyHC expression during their development (Mahdavi et 
al., 1987). 

While the contribution of fast and slow MyHC isoforms to the contractile 
properties of adult muscles is well established (Barany, 1967; Reiser et al., 1985), the 
functional significance of MyHC switching during muscle development is unclear. In 
addition to its enzymatic properties, myosin is a structural protein and plays a role in 
myofibrillogenesis. In nematode muscles, different sarcomeric MyHCs are found in 
the center and periphery of the thick filament (Miller, Ortiz, Berliner, and Epstein, 
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1983). In vertebrate muscles, the distribution of MyHC isoforms also may not be 
uniform (Taylor and Bandman, 1989; Gauthier, 1990), but this does not appear to be 
an intrinsic property of the MyHC sequence (Taylor and Bandman, 1989). Because 
many fast isoforms appear to have similar enzymatic properties, it is possible that the 
multigene family encodes many functionally equivalent MyHCs, and switching 
occurs because different regulatory elements are required to ensure expression 
during specific developmental periods and in physiologically different muscle fiber 
types. 

contractile properties ...... 

+ 
maintain MyHC expression 

--+ myofibrillar structure 
Figure 1. The potential signifi
cance of the genetic diversity of 
MyHCs to muscle fiber pheno
type. 

Complexity and Organization of Mammalian and Avian MyHC Multigene 
Families 

It is likely that the multigene families of sarcomeric MyHCs have arisen from gene 
duplications and subsequent divergence of each of the members of the gene family. 
Two linkage groups (fast and slow I cardiac) comprise the mammalian sarcomeric 
MyHC multigene families. The human fast skeletal MyHCs are clustered on chromo
some 11, while the mouse locus is found on chromosome 17 (Leinwand, Fournier, 
Nadal-Ginard, and Shows, 1983). The a and 13 cardiac MyHC genes are arranged in 
tandem in both human and rat genomes at a separate chromosomal locus from that 
of the fast skeletal MyHC genes (Mahdavi, Chambers, and Nadal-Ginard, 1984). 
Nine yeast artificial chromosomes containing human MyHC genes have been used to 
construct a contiguous 650-kb segment encompassing six fast MyHC genes (Yoon, 
Sellar, Kucherlapati, and Leinwand, 1992). Unlike the globin and homeobox gene 
clusters where the arrangement of the genes reflects their developmental pattern of 
expression (Efstratiadis, Posakony, Maniatis, Lawn, O'Connell, Spritz, DeRiel, 
Gorget, Weissman, Slightom et al., 1980; Hart, Fainsod, and Ruddier, 1987), the 
order of the fast MyHC genes on chromosome 17 does not correspond to the 
developmental pattern of expression of their expression. 

The genomic organization of the chicken sarcomeric MyHC gene family differs 
from that of mammals. At least three linkage groups have been partially character
ized by pulsed-field gel electrophoresis, a fast MyHC gene cluster, a slow MyHC gene 
cluster, and a cardiac gene cluster (Chen, Q., L. A. Moore, and E. Bandman, 
manuscript in preparation). At least five genes are found at the fast locus, two at the 
slow locus, and at least two genes encoding cardiac MyHCs represent a third MyHC 
cluster. The arrangement of the genes within each cluster has not been determined. 
It is known however that at the fast locus, the Cembt MyHC gene is linked within 7.5 
kb of the Cneo MyHC gene (Gulick, Kropp, and Robbins, 1987). 

The precise number of sarcomeric MyHC genes in the chicken is unclear. It has 
been estimated that 31 MyHC-like genes are present in chicken genome (Robbins, 
Horan, Gulick, and Kropp, 1986). This is considerably greater than the estimated 
7-10 genes observed in mouse, rat, or human genomes (Leinwand et al., 1983; 
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Wydra, Nguyen, Gubits, and Nadal-Ginard, 1983). However, based on northern blot 
analysis with 5' probes only seven of the 31 potential MyHC genes appear to be 
related to fast MyHC genes (Kropp, Gulick, and Robbins, 1987). Our laboratory 
using 3' -UTR probes has shown that five fast MyHC genes (Moore, Tidyman, 
Arrizubieta, and Bandman, 1992) are expressed in developing chicken fast muscles, 
and two slow MyHC genes are expressed in developing slow muscles. These two 
MyHCs correspond to the SM1 and SM2 MyHC proteins that have been character
ized by SDS-PAGE and peptide mapping (Hob, 1979; Matsuda et al., 1983). The 
number of cardiac MyHC genes in the chicken is also unclear. At least two genes, one 
ventricular (Stewart, Camoretti-Mercado, Perlman, Gupta, Jakovcic, and Zak, 1991; 
Bisaha and Bader, 1991) and a second atrial (D. Bader, personal communication) 
have been cloned and sequenced. Because the ventricular MyHC gene is also 
transiently expressed in developing chicken muscles (Bourke, Wylie, Wick, and 
Bandman, 1991), it has been referred to as a primordial myosin (Sweeny, Kennedy, 

CHICKEN SARCOMERIC MYOSIN HEAVY CHAINS 

~ ~ "CARDIAC" 

CEMBl CSMl CVMHCl 

CEMB2 CSM2 CATR 

CEMB3 

CNEO 

CAD 

MAMMALIAN SARCOMERIC MYOSIN HEAVY CHAINS 

EMB 

PERI 

IIA 

IIB 

IIO/IIX 

EXTRAOCULAR 

"SLOW/CARDIAC" 

SUPERFAST/MASTICATORY 

Figure 2. A comparison of mamma
lian and chicken MyHC gene fami
lies. Chicken isoforms are grouped 
into fast, slow, and cardiac classes. 
Mammalian MyHCs have been 
grouped into two classes because the 
13-MyHC gene is expressed in both 
adult slow muscle fibers and adult 
cardiac muscle cells. GenBank acces
sion numbers for eDNA sequences 
can be found in Moore eta!. (1993). 
The mammalian superfast/mastica
tory MyHC has only been character
ized at the protein level. 

Zak, Kokjohn, and Kelly, 1989). A newly identified atrial eDNA (D. Bader, personal 
communication) expressed in very early heart development, may correspond to an 
atrial isoforrn that is transiently expressed during development of slow muscle fibers 
(Page, Miller, DiMario, Hager, and Stockdale, 1992). A chicken genomic DNA 
digest separated by pulsed-field electrophoresis and hybridized with a ventricular 
eDNA specific probe identified a single 200-kb fragment (L. A. Moore, unpublished 
observation). Although the sequence of the atrial eDNA is more analogous to the 
ventricular form than either the fast or slow MyHC genes, it is not known whether 
the atrial and ventricular genes are linked. Fig. 2 shows a comparison of mammalian 
and chicken MyHC gene families. 

Gene Conversion Among MyHC Genes 
Data has been presented for gene conversion-like events among MyHC genes 
(Moore et al., 1992, 1993). The most striking evidence comes from a comparison of 
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the Cembl and Cneo sequences within the LMM domain. A stretch of 309 nucleotides is 
identical in the two eDNA sequences and a second stretch of 564 nucleotides 
contains only a single silent substitution (Moore et al., 1992, 1993). While the five fast 
MyHCs of the chicken are quite similar (nucleotide homology ranges from 91-95% ), 
on average there is one substitution per 15 nucleotides. These regions devoid of 
silent site substitutions suggest recent gene conversion events have occurred. Al
though codon bias may result in a low level of synonymous substitutions in G + 
C-rich sequences (Ticher and Graur, 1989), further evidence in support of gene 
conversion comes from an analysis of the genomic sequences and organization of the 
Cembl and Cneo genes. The 564 nucleotide homologous coding sequence in these 
genes spans two introns which are also completely identical in both genes (Moore et 
al., 1992) and the Cembl and Cneo genes are known to be linked within 7.5 kb in 
chicken genome (Gulick et al., 1987). Thus, the proximity of the genes coupled with 
the selective pressure to maintain the a-helical coiled-coil structure of the myosin 
rod would provide favorable conditions for the mechanism by which gene conver
sions are believed to occur. Mammalian a- and 13-MyHC genes, but not fast MyHC 
genes, also exhibit similar stretches of nucleotide identity suggesting recent gene 
conversion-like events have occurred (Moore et al., 1993). Like the Cembl and Cneo 
genes, a- and 13-cardiac MyHC genes are also closely linked in the mammalian 
genome. However, while proximity may help promote gene conversions, it is likely 
that the degree of sequence similarity is also important. While the overall homology 
of the human a- and 13-MyHC pair is similar to that of the Cembl and Cneo genes pair, 
the homology of the human embryonic and neonatal eDNA sequences is significantly 
less, and these two genes show no evidence of recent gene conversion (Moore et al., 
1993). 

The Significance of Conserved and Diverging MyHC Domains in the 
Myosin Rod 
Analysis of the protein sequences of MyHCs has identified domains that are highly 
conserved and other regions which appear to be less conserved. All sarcomeric 
MyHC rod sequences show highly conserved seven residue and 28 residue repeating 
periodicities (McLachlin, 1983). All vertebrate sarcomeric MyHC rods contain 39.5 
28 residue repeats. Four aa, referred to as skip residues, are added to repeats 13, 20, 
27, and 35 (McLachlin, 1983). While the position of the skip residues has been 
conserved in all sarcomeric MyHCs, removal of these residues by site-directed 
mutagenesis has no clear effect on myosin rod properties (Atkinson and Stewart, 
1991). 

Fig. 3 is a diagram of the myosin rod indicating sequences which have been 
conserved in chicken MyHCs. These regions include all of repeats 20, 34, and 38. 
Repeats 20 and 34 show a high degree of sequence conservation among all se
quenced vertebrate MyHCs (Stedman et al., 1990). Their position within the light 
meromyosin domain suggests these residues may play a key role in myosin filament 
formation. The diagram also indicates the position of divergent sequences (two 
consecutive heptads with four or more aa substitutions). The two heptads at the 
COOH-terminus in repeat 40 show a great deal of diversity (seven substitutions), as 
do the two heptads at the light meromyosin-hinge junction in repeats 16 and 17 
(seven substitutions). Similar diversity in these two regions is found in mammalian 
MyHCs. While it is likely that highly conserved sequences encode domains that are 
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crucial to myosin functionality, the importance and role of sequences that are less 
conserved is less clear because divergent sequences can indicate specialization of 
isoform specific functions, or simply that the sequence is not important for function
ality. Since different chicken fast MyHC rods cannot form heterodimers (Lowey, 
Waller, and Bandman, 1991; Kerwin and Bandman, 1991) some of the aa substitu
tions likely destabilize the a-helical coiled-coil comprised of different isoforms. 
However, because sarcomeric MyHCs in mammals can be heterodimeric (Dechesne, 
Bouvagnet, Walzthony, and Leger, 1987), the importance of limiting chicken MyHCs 
to forming homodimeric molecules is unclear. 

Figure 3. The position of highly con
served and divergent sequences in 
chicken MyHC rods. The figure shows 
a schematic diagram to illustrate the 
39.5 28 aa repeats that comprise ver
tebrate sarcomeric MyHC rods. Re
peats 13, 20, 27, and 34 contain 29 aa 
because of the presence of the skip 
residue (McLachlin, 1983). The re
peats that make up the short S2, the 
hinge, and the light meromyosin do
main are also indicated. The solid 
bars are aa sequences that are identi
cal in all chicken fast MyHCs that 
have been sequenced, whereas the 
striped bars represent sequences that 
exhibit two or more consecutive hep
tads with four or more aa differences 
between the five fast MyHCs. 

The Evolutionary Relationship of Chicken and Mammalian MyHC Genes 
Analysis of the five fast MyHCs in the chicken indicate that the chicken isoforms are 
more homologous to one another than are the mammalian embryonic, neonatal, and 
adult fast MyHCs (Moore, Arrizubieta, Tidyman, Herman, and Bandman, 1992). 
These observations were the basis for subsequent studies that suggest that the 
chicken fast MyHC family differs from the mammalian fast MyHC family and that at 
least some of the chicken genes are the result of gene duplications that have occurred 
subsequent to separation of birds and mammals from their common ancestor (Moore 
et al., 1993). The method of Perler, Efstratiadis, Lamedica, Gilbert, Kolodner, and 
Dodgson (1980) was used to quantitate the divergence of the five fast chicken 
MyHCs and many mammalian MyHC sequences that can be found in GenBank. 
Although the results are complicated by the evidence of gene conversion-like events, 
the embryonic, neonatal, and adult fast MyHCs in the chicken have apparently 
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evolved independently of the mammalian embryonic, neonatal, and adult isoforms 
(Moore et al., 1993). Fig. 4 shows a similar evolutionary analysis using the mul
tisequence alignment program PILEUP (Devereaux, 1989). It appears that the 
chicken MyHC gene family expanded after the mammalian-avian split approximately 
270 MY ago (Shapiro, 1991) and that the most likely ancestral gene(s) is the 
mammalian proto-adult or proto-neonatal/adult genes (Moore et al., 1993). If this 
hypothesis is correct, then it is likely that the developmental regulation of chicken 
and mammalian MyHC gene families has evolved independently. This would also 

Figure 4. A dendrogram to illustrate 
the relationship of chicken and mam
malian MyHC sequences. The mul
tisequence alignment program 
PILEUP was used to analyze verte
brate MyHC sequences contained in 
GenBank (Moore et a!., 1993). Csmi 
and Csmz eDNA sequences were kindly 
provided by D. Essig (unpublished 
observations) and Catr was provided 
by F. Stockdale (unpublished observa
tions). Only isoforms in which a ma
jority of the LMM sequence has been 
determined were included in the 
analysis. The following abbreviations 
are used: C, chicken; H, human; M, 
mouse; R, rat; Rab, rabbit; emb, em
bryonic;peri, perinatal; neo, neonatal; 
ad, adult; vent, ventricular; atr, atrial; 
sm, slow myosin. 

explain the different patterns of MyHC gene expression seen in birds and mammals 
described above. 

If our hypothesis that the chicken MyHC multigene family has undergone recent 
expansion is correct, this would explain the greater number of gene conversions seen 
in chicken fast MyHC genes and the lack of distinct functional properties among 
chicken fast MyHCs. Why has the chicken MyHC multigene family recently ex
panded while mammalian MyHC gene families, such as rodent and primate, have 
been fixed in number? It has been suggested that when functional diversity is needed, 
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concerted evolution results in gene families with variable members, whereas homoge
neously redundant genes under the control of different promoter and/or enhancer 
elements have been acquired when large amounts of uniform gene product is 
required (Ohta, 1989). If positive natural selection is driving the expansion of the 
chicken MyHC family, diversity of contractile function in muscle fibers of birds may 
be less dependent on myosin isoform composition than in mammals. Accordingly, 
classification of MyHCs by their pattern of expression in adult muscle fiber types is 
more appropriate for mammalian MyHC gene families (Bandman, Moore, Arrizu
bieta, and Tidyman, 1992). 
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We have used distance matrix and maximum parsimony methods to study the 
evolutionary relationships between members of the myosin superfamily of molecular 
motors. Amino acid sequences of the conserved core of the motor region were used 
in the analysis. Our results show that myosins can be divided into at least three main 
classes, with two types of unconventional myosin being no more related to each other 
than they are to conventional myosin. Myosins have traditionally been classified as 
conventional or unconventional, with many of the unconventional myosin proteins 
thought to be distributed in a narrow range of organisms. We find that members of all 
three of these main classes are likely to be present in most (or all) eukaryotes. Three 
proteins do not cluster within the three main groups and may each represent 
additional classes. The structure of the trees suggests that these ungrouped proteins 
and some of the subclasses of the main classes are also likely to be widely distributed, 
implying that most eukaryotic cells contain many different myosin proteins. The 
groupings derived from phylogenetic analysis of myosin head sequences agree 
strongly with those based on tail structure, developmental expression, and (where 
available) enzymology, suggesting that specific head sequences have been tightly 
coupled to specific tail sequences throughout evolution. Analysis of the relationships 
within each class has interesting implications. For example, smooth muscle myosin 
and striated muscle myosin seem to have independently evolved from nonmuscle 
myosin. Furthermore, brush border myosin I, a type of protein initially thought to be 
specific to specialized metazoan tissues, probably has relatives that are much more 
broadly distributed. 

Introduction 
Myosin was originally identified as the molecular motor in muscle cells that converts 
chemical energy of ATP into force. It has been found in every eukaryotic organism 
thus far examined. It powers not only the muscles of metazoan organisms, but also 
generates the force for the contractile ring of dividing cells (Mabuchi and Okuno, 
1977; De Lozanne and Spudich, 1987; for review see Emerson and Bernstein, 1987; 
Warrick and Spudich, 1987). This muscle and contractile ring protein, now called 
"conventional" myosin or myosin II, has a motor domain that is connected to a 
filament-forming, coiled-coil tail (Fig. 1). Metazoan organisms contain many differ
ent isoforms (paralogues) of conventional myosin that are specialized for acting in 
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different muscle and nonmuscle tissues. The evolutionary relationships between 
these proteins have been the subject of a number of studies (Stedman, Eller, Jullian, 
Fertels, Sarkar, Sylvester, Kelly, and Rubinstein, 1990; Stewart, Camoretti, Perlman, 
Gupta, Jakovcic, and Zak, 1991; Moore, Tidyman, Arrizubieta, and Bandman, 1992, 
1993). Within the last five years, researchers have identified a whole series of 
proteins that have motor domains or "heads" clearly related to those of conventional 
myosins but have very different tail regions. These proteins are called "uncon
ventional" myosins (see Fig. 1) (for review see Pollard, Doberstein, and Zot, 1991 
and Mooseker, 1993). Here, we will define an unconventional myosin as any protein 
with a recognizable myosin motor domain and a non-filament-forming tail. Uncon-

Figure 1. Myosin motor super
family: Classification by tail do
mains. Adapted from Goodson 
and Spudich (1993). Lengths 
are not to scale. 

ventional myosins have sometimes been referred to as "myosin 1," although this 
name is now reserved for a particular type of unconventional myosin (see below). 

The existence of these many very different myosin proteins suggests four major 
questions: 

(a) How many types of myosin are there? Are unconventional myosins more 
related to each other than to myosin II, or are there several completely different 
types of myosin? 
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(b) How may types of myosin is a given cell or organism likely to have? Are most 
of these myosins organism-specific proteins with highly specialized functions, or are 
they ubiquitous proteins that are likely to play an important role in basic cell biology? 

(c) Have myosin heads and tails been exchanged over evolutionary time frames? 
A common model of myosin function suggests that myosin heads are interchangeable 
units, with the specific function of the protein being determined completely by the 
tail. One way to test this idea is to see whether myosin heads and tails have been 
exchanged across evolution. 

(d) Which myosin was first? Although this question cannot be answered in any 
definitive way, hypotheses of which type(s) of myosin existed in the most primitive 
eukaryotic cells could be useful for considering which actin-based activities are the 
most fundamental and what cytoskeletal functions could be performed by these early 
cells. 

We have attempted to address these questions by molecular phylogenetic 
analysis of myosin motor domain amino acid sequences. Much of this work was 
presented in an earlier paper (Goodson and Spudich, 1993); the reader is referred to 
this paper for additional discussion and information on the methods. Our discussion 
here will be divided into two sections: first, a review of the conclusions drawn from 
study of the family as a whole, and second, a discussion of the relationships within 
subfamilies. Included in this section is analysis of new sequences not included in our 
previous work. 

Methods 
Two tree-building methods that are based on different principles and make some
what different assumptions were used for this analysis: a distance matrix method (the 
"Tree" package of programs by Feng and Doolittle [1990]) and a maximum parsi
mony method (the PROTPARS program from the PHYLIP package by J. Felsen
stein [1989]). Bootstrap resampling (100 trials) was used to judge the robustness of 
the nodes in Fig. 3 (the PROTPARS tree). An estimation of the error in branch 
length and position in Fig. 2 (the "Tree" tree) can be obtained from the percent 
standard deviation, as found in Fig. 2. However, since bootstrapping is a better test of 
the strength of the data supporting a particular relationship, we have used the 
PROTPARS bootstrap values as our main indicator of the robustness of a given 
node. Though use of other methods (e.g., maximum likelihood) or other versions of 
the methods used here (i.e., bootstrapped distance matrix) might allow a more 
sophisticated analysis of our data set and better resolution of some relationships that 
are indeterminate in our trees, the combination of bootstrapped maximum parsi
mony and distance matrix allows determination of the basic topology of the tree and 
identification of robust relationships. 

Distance matrix methods can artifactually shorten long branches when no 
correction is made for multiple substitutions (Felsenstein, 1988). The "Tree" 
programs do not explicitly correct for multiple substitutions (Feng and Doolittle, 
1990), but since we are primarily interested in branching order and are not trying to 
correlate branch length with time, artifacts of this type are not expected to affect the 
main body of results. However, we have based a number of inferences on the 
apparent consistency of the molecular clock within and between most myosin 
proteins as judged from the branch lengths of the distance matrix tree. Artificial 
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suppression of large branch lengths could suggest that the molecular clock has been 
more consistent than it actually has. We have tested the consequences of failing to 
explicitly correct for multiple substitutions by analyzing the data set with the 
ClustalV tree-building program (Higgins, Bleasby, and Sharp, 1992) and including 
Kimura's correction for multiple substitution (Kimura, 1983). The relative branch 
lengths in the ClustalV tree are very similar to those shown in Fig. 2, and the "Tree" 
and ClustalV tree topologies differ only at nodes not well supported by bootstrapping 
(data not shown). "Tree" distances are calculated as a logarithmic function of the 
similarity score (Feng and Doolittle, 1990), while ClustalV branch lengths (after 
Kimura's correction) are calculated as a logarithmic function of the percent identity 
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(Kimura, 1983; Higgins et al., 1992). Thus, errors in the "Tree" branch lengths 
caused by multiple substitutions would be expected to be small, at least as compared 
to percent identity-based distances corrected by Kimura's method. We have chosen 
to present the results from the "Tree" program as our distance matrix method 
because "Tree" distances are based on similarity and are thus expected to give a 
more sensitive measure of branch length than ClustalV's percent identity measure
ments. 

The alignment input to the "Tree" program was created by the progressive 
alignment functions of the "Tree" program package (Feng and Doolittle, 1990); the 
alignment used by PROTPARS was created by ClustalV (Higgins et al., 1992). 
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Alignments are available upon request. Only motor domain sequences were used so 
that relationships between proteins with unrelated tail structures could be examined. 
The alignments were truncated to begin and end at universally conserved residues. 
Amino acid sequences were used to avoid artifacts caused by codon bias and include 
sequences determined by protein sequencing. The PROTPARS tree is a consensus 
tree constructed from evaluation of 100 bootstrap resamplings of the entire data 

Figure 2. Phylogenetic tree obtained from distance matrix analysis of myosin motor domain 
amino acid sequences. Branch lengths are drawn to scale indicated in units of distance as 
calculated in the distance matrix. The percent standard deviation (lower left comer) gives an 
estimate of the error in branch length and position. This tree is drawn unrooted (without 
definition of the position of the "trunk"). However, biological considerations suggest that the 
root attaches somewhere internal to points A-C (justification of this suggestion and 
significance of pointsA-C and U are as explained in the text). Area M marks the approximate 
midpoint of the tree and represents the hypothesized point of the root connection under the 
assumption of a consistent molecular clock. Sequences in bold are those not included in the 
earlier analysis (Goodson and Spudich, 1993). Note: the branch lengths of MuDil and CkP190 
were in error in our earlier analysis and are corrected here. Published protein sequences were 
obtained from the Protein Identification Resource data bank (PIR), version 32, or the 
University of Geneva protein sequence data bank (Swiss-Prot), version 22, unless otherwise 
noted. Accession numbers and abbreviations are as follows: Acanthamoeba myosin II (Ac/J): 
Swiss-Prot P05659; Acanthamoeba high molecular weight myosin I (AcHMW): PIR A23662; 
Acanthamoeba myosin IB (Ac/B): Swiss-Prot P19706; Acanthamoeba myosin IC (AclC): 
Swiss-Prot P10569; bovine brush border myosin I (BovBB): Swiss-Prot P10568; Bovine myosin 
IB (BovlB): GenBank Z22852; Caenorhabditis elegans myosin heavy chain A (CeHCA ): 
Swiss-Prot P12844; Caenorhabditis elegans myosin heavy chain B ( CeHCB ): Swiss-Prot P02566; 
Caenorhabditis elegans myosin heavy chain C (CeHCC): Swiss-Prot P12845; Caenorhabditis 
elegans myosin heavy chain D (CeHCD): Swiss-Prot P02567; chicken brain P190 (CkP190): 
PIR S19188; chicken myosin IB (CklB): EMBL X70400; chicken embryonic fast skeletal 
muscle myosin (CkEFSk): Swiss-Prot P02565; Chicken adult skeletal muscle myosin (Ck
AFSk): Swiss-Prot P13538; chicken gizzard smooth muscle myosin (CkSm): Swiss-Prot P10587; 
chicken nonmuscle myosin (CkNM): Swiss-Prot P14105; chicken brush border myosin I 
(CkBB): PIR A33620; Dictyostelium myosin II (DdJJ): PIR A26655; Dictyostelium myosin IB 
(DdlB): PIR A33284; Dictyostelium myosin lA (Dd!A ): Swiss-Prot P22467; Drosophila ninaC 
(DmNC): PIR A29813; Drosophila muscle myosin (DmMJ) was spliced by hand from sequence 
PIR A32491 and splice junction information for eDNA cD301 in George, Ober and Emerson 
(1989); Drosophila nonmuscle (DmNM): PIR A36014; Drosophila 95F unconventional myosin 
(Dm95F): EMBL X67077; human cardiac alpha isoform (HuCa) was entered from Matsuoka, 
Beisel, Furutani, Arai and Takao (1991); human cardiac beta isoform (HuC{3): Swiss-Prot 
P12883; human nonmuscle myosin (HuNM): GenBank M81105; human embryonic fast 
skeletal (HuEFS): Swiss-Prot P11055; mouse brain myosin I alpha (Mula): GenBank L00923; 
mouse myosin IL (MulL): GenBank X69987; mouse dilute locus (Mudil): PIR S13652; 
Onchocerca volvulus body wall myosin (OvBW): GenBank M74066; rabbit smooth muscle 
(RbSM): GenBank M77812; rabbit neuronal myosin (RbNe): EMBL X62659; rat myosin 
MYR1 (RnMyrl): GenBank (X68199); rat cardiac alpha (RrCa): PIR S06005; rat cardiac beta 
(RrC{3): Swiss-Prot P02564; rat embryonic fast skeletal (RrEFS): Swiss-Prot P12847; scallop 
striated (ScalSt) PIR S13557; Schistosoma mansoni myosin heavy chain (SchMHC): GenBank 
L01634; Saccharomyces cerevisiae MYOl (ScJJ): PIR S12323; S. cerevisiae MY02 (ScMY2): 
PIR A38454; S. cerevisiae MY03 (ScMY3) unpublished results; S. cerevisiae MY04 (ScMY4): 
GenBank M90057. 
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set, not by the splicing of overlapping consensus subtrees, as was done for the 
PROTPARS tree in Goodson and Spudich (1993). The position of the approximate 
midpoint (Min Fig. 2) was estimated by inspection of the tree without consideration 
of the DmNC branch. DmNC was not included because of the possibility that this 
branch is abnormally long as a result of an increase in the rate of the DmNC 
molecular clock. If DmNC is included in determination of the midpoint, the 
midpoint lies along the DmNC branch. Other methods, controls, and procedures are 
as in Goodson and Spudich (1993). 
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Results and Discussion 

Figure 3. Phylogenetic tree ob
tained from maximum parsi
mony analysis of myosin head 
protein sequences. This tree 
has been arbitrarily rooted at 
AcHMW for the purposes of 
more easily viewing topology. 
Branch lengths have no mean
ing. Numbers beside nodes are 
the percentage of bootstrap
ping trials in which an identical 
node was produced (see Meth
ods), and thus are a measure of 
the robustness of the data gen
erating that particular node. 
Sequences in bold are those 
not included in our original 
analysis. The significance of 
nodes A-C and U is explained 
in the text. References and ab
breviations are the same as in 
Fig.l. 

Figs. 2 and 3 show the trees obtained from the distance matrix and maximum 
parsimony analyses, respectively, of myosin motor domain sequences in the data
bases as of September, 1993. Nodes (branch points) on these trees can represent 
either protein divergence (gene duplication) or species divergence, so all interpreta
tions of these trees must accommodate this ambiguity. Both trees should be regarded 
as unrooted (without definition of where the ancestral myosin attaches to the trees), 
although the maximum parsimony tree has been arbitrarily rooted at AcHMW for 
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purposes of better viewing the topology (abbreviations are given in Fig. 2; see below 
for further discussion of rooting). 

Examination of Figs. 2 and 3 leads to three immediate conclusions: 
(a) Myosin motor domain amino acid sequence data is conducive to phyloge

netic analysis and allows clear definition of many relationships. Both methods give 
very similar tree topologies and differ only at nodes that are not well supported by 
bootstrap analysis (nodes with low bootstrap percentages are not well supported by 
the data and should be regarded as ambiguous). Much of the tree topology is well 
supported (found in > 90% of bootstrap trials). There is a high degree of symmetry 
about the approximate midpoint of the distance matrix tree (marked Min Fig. 2; this 
midpoint is a possible position for the attachment of the root or ancestral myosin as 
discussed below), and distances between analogous points are in most (though 
clearly not all) cases similar. The symmetry about the midpoint and similarities in 
branch lengths imply that the molecular clock has been fairly consistent within and 
between branches, which suggests that tree-building artifacts resulting from large 
changes in the rate of the molecular clock are not likely to be a problem in most 
cases. The sum of these observations suggests that the relationships strongly sup
ported by these analyses are likely to reflect the actual paths of myosin evolution. 

(b) There are at least three distinct classes of myosin: myosin II (conventional 
myosin), myosin I, and "dilute-type" unconventional myosin. There may be many 
more. The myosin family has traditionally been divided into conventional and 
unconventional myosins. Though all of the conventional myosins clearly cluster 
together in both trees, both examination of the maximum parsimony bootstrap values 
and measurement of distance matrix branch lengths show that the two major 
branches of unconventional myosin are not detectably more related to each other 
than they are to myosin II. AcHM, Dm95F, and DmNC (see the legend to Fig. 2 for 
sequence abbreviations) fail to group with these three major clusters and may each 
represent additional classes, although these sequences are the only published 
representatives of these potential classes as yet. In addition, a partial Drosophila 
sequence (unconventional myosin 35B,C) that also fails to group with the major 
clusters has recently been identified, suggesting that there may be as many as seven 
classes of myosin in the sequences now known (Kiehart, D., personal communica
tion; data not shown). 

(c) The groupings that result from phylogenetic analysis of myosin motor 
domain sequences agree with those based on tail structure and (where known) 
enzymology (Fig. 4). For example, mouse dilute and yeast MY02, which have similar 
tail structures, both group together in these motor domain-based trees. On a much 
smaller scale, human and rat beta cardiac myosins, which have closely related tail 
sequences, enzymatic activity, and developmental expression patterns, group to
gether in Figs. 2 and 3, apart from the other cardiac and skeletal myosin sequences. 
This agreement between nonmotor structural classification and the relationships 
derived from phylogenetic analysis of motor sequences provides external support for 
the relationships drawn by the phylogenetic analysis. It also supports the practice of 
hypothesizing activities and functions for uncharacterized myosins on the basis of 
sequence similarity. In addition, it suggests that phylogenetic analysis might be a 
useful way of categorizing or assigning relevant names to myosins. Clearly, the 
classification of myosin into "conventional" and "unconventional" groups is no 
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longer sufficient. In our original classification (Goodson and Spudich, 1993), we tried 
to work within the old framework. However, Mooseker and co-workers proposed a 
new myosin nomenclature based on their own phylogenetic analysis of the myosin 
family (Cheney, R. E., M.A. Riley, and M.S. Mooseker, 1993). As this nomenclature 
has come into general use, it is presented in Fig. 4 and will be used through the rest of 
this discussion. 
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Figure 4. Agreement between groupings derived from phylogenetic analysis of motor domain 
sequences and those derived from tail structures: the distance matrix tree. Names in itallics 
give the new nomenclature proposed by Cheney (1993). Though clearly a myosin I by both tail 
and motor similarities, DdiA has not been grouped with either the classic or brush border 
subclasses because of the intermediate nature of its sequence. Points A -C, U, and M, as well as 
the abbreviations are as explained in Fig. 2; myosin structure key is as in Fig. 1. 

How Many of These Classes of Myosin Are Likely To Be Present 
in Each Organism? 
Examination of Fig. 2 and 3 show that all three of the major classes have representa
tive proteins from widely divergent organisms. This distribution implies that proteins 
belonging to the three major classes existed in the common ancestor of these 
organisms. If these proteins were present in the ancestor of all (or most) eukaryotes 
and had functions fundamental enough to cell function that they have been retained 
in divergent modern organisms with divergent lifestyles, then it seems likely that 
members of these three classes still exist in most (or all) eukaryotic organisms. 

It is more difficult to postulate the range of the ungrouped proteins (Dm95F, 
DmNC, and AcHM), as each of these potential classes is known from only one 
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organism as yet. However, the structure of the trees suggests that proteins related to 
Dm95F and AcHM will indeed be found in many or most organisms. NodesA-C in 
Figs. 2 and 3 mark the earliest possible point of the radiation of the eukaryotes on the 
three major branches. These nodes are where yeast, Dictyostelium, and/ or metazoans 
separate on each of the major branches. The actual divergence of the eukaryotes 
could occur later, if these nodes actually mark gene duplication events, but it cannot 
happen earlier, as long as the root of the tree is not within one of the strongly 
supported clusters (placement of the root within these clusters seems unlikely, 
considering the strength of the bootstrap support for these clusters and the nonmo
tor structural similarities of proteins within these clusters as seen in Fig. 1). 
Examination of Figs. 2 and 3 shows that all three of these ungrouped proteins diverge 
from the rest of the myosins well before nodes A, B, or C. This topology implies that 
these proteins were also present in a very early eukaryote. If they were present in an 
early eukaryote and have been retained by at least one modern organism, it seems 
likely that they have been retained by other organisms as well. These arguments 
depend on the assumption that inconsistencies in the molecular clock are small 
enough that branching position for the these sequences as presented in Figs. 2 and 3 
is not grossly incorrect. There is no information about the rate of the molecular clock 
for these branches beside the total branch lengths, and thus, these predictions must 
be treated with caution. However, the lab of M. Mooseker has recently reported pig 
homologues of both Dm95F and the partial Drosophila sequence mentioned above 
(Mooseker 1993), demonstrating that these two proteins will be found at least in 
many metazoan organisms. 

While the structure of the trees may suggest that Dm95F and AcHM are ancient 
proteins, the unusually large length of the DmNC branch prevents the application of 
these arguments to this protein. The great length of the DmNC branch suggests 
either that the root of the myosin tree is along this branch or that the molecular clock 
for DmNC has been running at a much accelerated rate. As mentioned above, widely 
varying rates of evolution can confound both distance matrix and maximum parsi
mony methods (Felsenstein, 1988), leading to the possibility that DmNC evolved 
from a relatively recent gene duplication and was given an artifactually early 
divergence by both methods. Our earlier analysis had hinted that DmNC might be 
most closely related to Dm95F. This weak relationship has not held up to the 
addition of new sequences to the analysis. However, the long DmNC branch length 
does appear to be most likely caused by altered mutational constraints instead of 
particularly ancient divergence because of what appears to be the specific degrada
tion of certain generally well-conserved myosin sequences in DmNC (including the 
replacement of G withY in the ATP binding site). 

Conclusions from Analysis of Relationships within Classes 

Myosin I. Examination of Figs. 2 and 3 suggests that most organisms contain several 
distinct types of myosin I. The existence of classic myosin I proteins (those with 
membrane binding domains, Src homology 3 [SH3] domains, and proline-rich 
regions) in yeast, Dictyostelium, andAcanthamoeba at the time of the last analysis had 
suggested that these proteins would be found in most or all eukaryotic organisms 
(Goodson and Spudich, 1993). Consistent with this prediction, a chicken protein that 
has_ the clas~ic myosin I tail structure and clusters with classic myosin I in phyloge
netic analysts of motor domains, has now been identified (EMBL accession X70400; 



150 Molecular Evolution of Physiological Processes 

Figs. 2 and 3). The gene duplication leading to the twoAcanthamoeba proteins (AciB 
and AciC) appears to have occurred near the divergence of the eukaryotes as 
indicated in Fig. 2, point A. This topology suggests that AciB and AciC may 
represent two subclasses of classic myosin I that are present in many organisms. 
However, the poor bootstrap values in this part of the maximum parsimony tree show 
that the exact order of classic myosin I relationships cannot be determined by this 
analysis. 

Brush border-related myosin I proteins (which lack the SH3 and proline-rich 
regions) were originally found in intestinal microvilli, and they are an example of 
myosin proteins that many people expected to be limited to metazoans. The brush 
border myosin I branch apparently splits off from the classic myosin I branch well 
before the divergence of the eukarytotes (Fig. 2; see also the high bootstrap values 
for these nodes in Fig. 3), suggesting that proteins related to brush border myosin I 
were present in ancient eukaryotic cells and are thus likely to be found in many 
modern eukaryotic organisms. Despite the predictions from the tree topology, no 
proteins that clearly group with the brush border proteins have yet been found in 
nonmetazoan organisms. However, brush border myosin I proteins have now been 
found in nonmicrovillar metazoan cell types, as shown in Figs. 2 and 3, consistent 
with the prediction that these proteins are involved in basic cell processes. Dictyos
telium myosin lA has a similar tail structure, but it groups in most bootstrap trials 
with the classic myosin I proteins. One might interpret this topology to suggest that 
the original myosin I also lacked the SH3 domain, and that an early gene duplication 
led to the existence of a brush border-related myosin I branch and a DdiA branch, 
with the DdiA branch eventually giving rise to the classic myosin I proteins. 
However, other possibilities do exist (e.g., DdiA and brush border myosin I could 
have independently lost an ancestral SH3). In any case, the topology of the myosin I 
branch, if taken at face value, suggests that the common ancestor of most eukaryotes 
contained at least one classic myosin I protein, a brush border-like protein, and a 
DdiA-like protein. 

Closer examination of the brush border branch suggests that vertebrates contain 
at least three subclasses (paralogues) of brush border myosin 1: the intestinal brush 
border proteins (represented by bovine and chicken proteins), a subclass repre
sented by the rat and mouse neuronal proteins RnMyrl and Mula, and a subclass of 
proteins represented by the bovine BoviB protein. Comparison of branch lengths 
suggests that more than three paralogous proteins may be represented in these 
sequences. If one compares the mammal-chicken divergence seen on this branch 
with those seen on the other branches, one finds that the distances on the brush 
border myosin I branch are much larger. Either the molecular clock sped up for the 
brush border-related proteins, or the chicken and bovine brush border proteins are 
members of subclasses that have been separate longer than cows and chickens. In 
fact, the maximum parsimony method fails to cluster these proteins in > 75% of 
bootstrap trials (Fig. 3; inclusion of additional myosin I sequences in the maximum 
parsimony analysis greatly changed the results, as BovBB and CkBB clustered in 
99% of trials in our earlier analysis). In addition, the well-supported divergence of 
the two mouse proteins Mula and MulL before the divergence of RnMyrl and 
Mula suggests that an additional gene duplication occurred at least before the 
divergence of mice and rats. The large number of paralogous myosin I proteins shows 
that caution should be used when trying to compare two examples of "myosin I 
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protein" purified from different organisms or tissues. Thus, from the sequences in 
this analysis alone, it appears likely that most eukaryotic organisms will contain at 
least two types of myosin I (a classic myosin I, a brush border-like myosin I, and 
possibly a DdiA-like protein), and vertebrates will have more than three types of the 
brush border myosin I subclass alone. 

Myosin II. A great deal of work has been done on the evolutionary relationships 
of myosin II sequences. Most of this analysis has been based on tail sequence and has 
focused on relationships between developmentally specific vertebrate isoforms (Sted
man et al., 1990; Stewart et al., 1991; Moore et al., 1992, 1993). Our results, based on 
motor domain sequence, are generally consistent with the results of these tail-based 
analyses. This agreement is interesting because it suggests that myosin heads and 
tails have not exchanged across evolutionary time frames. Myosin heads have been 
attached to new tails, but heads and tails, once connected, have not interchanged. In 
addition, all of the domain swapping leading to new head-tail combinations seems to 
have happened very early in evolution (before the metazoan radiation, as indicated 
by points A-C). 

There was an expectation within the myosin field that at least some of the 
unconventional myosins arose recently by addition of new tails onto conventional 
myosin. This assumption was partly due to a common model of myosin function, 
which assumes that head domains of myosin proteins are essentially interchangeable 
units, with the specific functions of the protein being determined by the tail. The 
strong agreement between head and tail phylogeny (or head phylogeny and tail 
structure) is instead consistent with the possibility that myosin heads and tails are in 
some way functionally coupled-a given tail may need a motor with specific biophysi
cal characteristics to function properly. The biophysical requirements for a motor 
pulling a vesicle along an actin filament may be very different from those of a motor 
acting in a muscle. One could argue that such swapping events might not have 
occurred at a high enough rate to have been observed, even if there was no selective 
advantage against them. However, swapping events do not seem to have occurred 
even between closely related isoforms, even though there are clear examples of 
concerted evolution in some regions of these proteins (Moore et al., 1992, 1993; for 
further discussion see Goodson and Spudich, 1993). 

Figs. 2 and 3 can also contribute to the understanding of the relationships 
between smooth and striated muscle myosins. It is well known that vertebrate smooth 
muscle myosin is more similar to nonmuscle myosin than to striated muscle myosin, 
both in sequence and in biochemical characteristics. This fact suggests that smooth 
muscle is more "primitive" and led many to assume that smooth muscle is the older 
or "original" form of muscle and that striated muscle evolved from it. However, 
examination of Figs. 2 and 3 shows that this is not likely to be the case: the smooth 
muscle and striated muscle myosins branch independently from nonmuscle myosin. 
Thus, smooth muscle myosin cannot be the progenitor of striated muscle myosin, 
and, in fact, the two types of muscle myosin do not appear to be related, except 
through nonmuscle myosin. The independent origin of the muscle myosins suggests 
that the two types of muscle tissue may also be independently derived from 
nonmuscle tissue, and that any similarities between these tissues may be the result of 
convergent evolution. 

A second surprising conclusion is that smooth muscle myosin seems to have 
arisen relatively recently, apparently after the divergence of lines leading to flies and 
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vertebrates (Figs. 2 and 3 show that vertebrate smooth and nonmuscle myosins split 
after the divergence of fly and vertebrate nonmuscle myosins). This suggests that 
smooth muscle tissue (at least of the types found in vertebrates) may also have arisen 
recently, possibly after the protostome-deuterostome divergence. Although this may 
seem unlikely, morphological studies of Drosophila support this idea, showing that all 
muscles identified in this well-characterized organism are striated muscles, including 
the gut muscles (Crossley, 1978). It will be very interesting to follow this question as 
myosins from more organisms and smooth muscle tissue types are sequenced. 

Which Myosin Was First? 

This question cannot be definitively answered by this type of analysis, but several 
lines of reasoning do give a few hints. The first two hints are derived from the 
assumption that the molecular clock has been consistent across the main branches of 
the tree. Examination of Fig. 2 shows that this assumption is clearly not absolutely 
valid, but the general level of symmetry suggests that it may be reasonable. If one 
compares the distance in Fig. 2 from pointsA-C (the earliest possible points of the 
divergence of the eukaryotes on each of the three major branches, as explained 
above) to the terminal nodes (modern sequences), one sees that the distances are 
very similar, as one would expect under conditions of a consistent molecular clock. 
The point at which the three major classes separate is marked by the letter U. If one 
compares the distances A-U, B-U, and C-U, one sees that the distance of A-U is 
approximately twice the distance of B-U or C-U. This discrepancy suggests that 
myosin II and myosin V (the "dilute" class of unconventional myosin) are actually 
more closely related to each other than to myosin I. This relationship is especially 
intriguing in light of the apparent similarity in their tail structures (it should be 
pointed out that the coiled-coil tail sequences of myosin V proteins are not 
noticeably more related to those of myosin II proteins than to those of many 
nonmyosin coiled-coil proteins, although a sophisticated analysis has not been 
published). 

The second molecular clock-dependent hint is derived from determination of 
the midpoint of the myosin tree. The midpoint is the hypothetical position of the 
connection of the root (ancestral myosin) to the tree under the assumption that the 
rate of sequence change has been consistent across all branches. If one includes 
DmNC in the calculation, the root is along the DmNC branch. If one removes it from 
consideration on the basis of the hypothesis that it has undergone an acceleration of 
its molecular clock, the midpoint is in the vicinity of point M in Fig. 2. Both of these 
hypothetical root points are surrounded by the divergence of several unconventional 
myosin proteins. Hypothesizing the position of the root cannot determine what the 
ancestral myosin looked like, but it does emphasize that it is quite possible that 
conventional myosin is a relative newcomer. 

A third hint is provided by the identification of myosin light chains (thus far we 
have discussed only myosin heavy chains, but all known myosin heavy chains bind at 
least one light chain). The myosin II light chains are derived from calmodulin 
(Moncrief, Kretsinger, and Goodman, 1990; Collins, 1991), which suggests that at 
one time myosin may have had calmodulin light chains. The biochemically character
ized members of the myosin V and brush border myosin I branches still use 
calmodulin as their light chains (reviewed in Mooseker, 1993), suggesting that the 
binding of conventional myosin light chains is a derived characteristic and that these 
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unconventional myosins may somehow be closer to the ancestral state of myosin. It is 
interesting to point out that these two unconventional myosins straddle the hypotheti
cal root connection (M) estimated from the midpoint of the tree. 

A final hint involves consideration of the interactions of the nonmotor regions. 
The interactions involved in assembling myosin II filaments (initial assembly of a 
heavy chain dimer, followed by assembly of these dimers into filaments) are quite 
complicated. One might imagine that the first myosin proteins had more simple 
interactions, such as those seen (or expected from) the tails of some of the 
unconventional myosin proteins (for review of tail interactions see Pollard et al., 
1991; Mooseker, 1993). It at least seems reasonable to postulate that dimerization 
(as seen in myosin V) was ancestral to filament formation (as seen in myosin II). 

None of these hints suggest anything specific about the nature of the original 
myosin protein. However, they do emphasize that it is quite possible (even likely?) 
that conventional myosin, which is generally thought of as being the main actin-based 
motor in eukaryotic cells, was not a part of the earliest and most fundamental actin 
bases processes in ancient eukaryotic cells. One might then suggest that it may still 
not be an integral part of these processes. Genetic experiments suggest that myosin 
II is indeed dispensable for cell life and for many actin-based cellular functions in 
both Dictyostelium and yeast, including cell motility (De Lozanne and Spudich, 1987; 
Rodriguez and Patterson, 1990). In contrast, the MY02 gene (a myosin V) is 
essential for yeast cell viability (Johnston, Prendergast, and Singer, 1991). However, 
it is clear that both yeast and Dictyostelium cells missing particular myosin I proteins 
have minor (if any) defects (Jung and Hammer, 1990; Titus, Wessels, Spudich and 
Soll, 1993; Goodson and Spudich, manuscript in preparation). This may suggest that 
myosin I proteins are not involved in essential processes, but Dictyostelium is known 
to have many members of the myosin I class (Titus, Warrick and Spudich, 1989; 
Urrutia, Jung, and Hammer, 1993). Because of possible functional overlap, it may be 
difficult to truly assess the functional importance of myosin I proteins. 

Conclusions 
There are several specific conclusions about the myosin family to be drawn from this 
work. First, phylogenetic analysis of myosin motor domains shows that the old 
classification of myosin into conventional and unconventional classes is insufficient. 
Instead, myosin proteins cluster into at least three groups: myosin I, myosin II, and 
myosin V (by the new nomenclature), with the two main types of unconventional 
myosin being as divergent from each other as from conventional myosin. Three 
myosin. sequences do not cluster with each other or with the three main groups, 
suggestmg that they may each represent additional classes of myosin. It seems likely 
that more classes of myosin are waiting to be identified. Secondly, it is likely that 
most eukaryotic organisms (including protists, plants, and fungi) contain at least 
members of these three main classes. Examination of tree structure also suggests that 
several of the subclasses of the main classes and the potential classes that are as yet 
represente.d ?Y only one ~equence will also be present in most eukaryotes, though 
these predictiOns are contmgent on relative consistency of the molecular clock across 
the different branches. A third conclusion is that myosin heads and tails have not 
swap~ed in evolutio~ary time fr~mes. This result is consistent with the possibility that 
myosm heads and tails are functionally coupled and questions the idea that heads are 
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interchangeable units, with the unique function being determined by the tail. Finally, 
we see that myosin II, instead of being the progenitor of all myosins, may instead 
have appeared relatively recently. It is impossible to tell from this analysis what were 
the characteristics of the ancestral myosin protein. However, hints from the structure 
of the distance matrix tree, the identity of myosin light chains, and the interactions of 
the myosin tail domains may suggest that the unconventional myosins are likely to 
have more ancestral characteristics. 

A number of more general conclusions about the broad utility of phylogenetic 
analysis of protein families can also be obtained from this work. First, one sees that 
such analyses can be very useful for cell biology. With phylogenetic analysis, the cell 
biologist can get an idea of the number of related proteins acting in a given cell, as 
well as how ubiquitous they are likely to be. The hypothesized range of a protein is 
useful both because it gives information about function (ubiquitous proteins are 
likely to be involved in more universal functions) and because it alerts people to look 
for proteins that are expected to be in a given organism but have not been found yet. 
Another useful application of phylogenetic analysis to cell biology is that it can allow 
one to determine whether two proteins from two organisms are orthologues or 
paralogues. A good example can be seen with the bovine and chicken brush border 
myosins 1: these proteins have been thought to be orthologues, but the branch 
lengths suggest otherwise. More definitive predictions can be made when robust 
patterns of protein divergence do not match the expected pattern of organism 
divergences. This very important question is difficult to address by any other means. 

This type of analysis is useful for evolutionary studies, but not in a way limited to 
the history of the protein family at hand: as shown with the smooth and striated 
muscle myosins, study of protein families can have implications for the origin of 
organs and tissues. Protein families can also be useful for the study of domain 
swapping and the mechanisms for the generation of diversity: here we see that the 
main diversity of the myosin family was apparently generated before the radiation of 
the organisms on the crown of the eukaryotic tree, although gene duplication and 
specialization has been occurring through recent times. Protein families should also 
provide a unique opportunity for studies of the factors affecting the rates of the 
molecular clock. We have not addressed this very interesting issue in any depth, but a 
comparative study of different branches of a protein family could be considered to be 
better controlled than a study of several unrelated proteins. Under what conditions 
do paralogues mutate or not mutate at similar rates? Do specific organisms appear to 
be consistently associated with altered clocks? Can abnormal branch lengths be used 
to identify proteins with unusual constraints or altered functions? DmNC would 
appear to be a good candidate for a protein with altered constraints. Yeast myosin II 
might be a less extreme example. 

Yet another important use of phylogenetic analysis in a nonevolutionary context 
could be in the study of relationships between structure and function. First, the 
structure and branch lengths of the trees can help to suggest when it is and is not 
reasonable to infer biochemical activities of uncharacterized proteins from the 
activities of related, characterized ones. Secondly, identification of proteins and 
parts of proteins that have altered molecular clocks could be very useful for 
correlating specific structures with specific biochemical functions. One might expect 
that proteins with altered clocks would have many of their changes concentrated in 
regions that correspond to domains involved in lost or gained functions. In families of 
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proteins where the general function of regions is already known, identification of 
regions that have undergone changes in constraint in particular family members 
could be used to suggest that these family members have undergone changes in the 
functions associated with these regions. Such an analysis has recently been done for 
the HSP70 members (Hughes, 1993). In the opposite way, information on biochemi
cal differences between members of a protein family with unknown structure/ 
function relationships could be coupled to the identification of domains that have 
undergone a change in constraints to help to assign functions to particular parts of 
these proteins. 

The analysis presented here should be useful for people studying the cell biology 
and biochemistry of myosin proteins, but will also hopefully be a useful starting point 
for people more interested in studying evolutionary processes. As the database of 
protein sequences grows larger and the analysis of biological problems grows more 
sophisticated, many fields beyond evolution will gain by the application of molecular 
phylogenetic techniques to protein families. The results of these cross-disciplinary 
endeavors can only be enriched by greater communication between people studying 
the biological properties of proteins and those studying their evolution. 
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Introduction 
Myosin is a ubiquitous motor protein found in all eukaryotes where it performs 
functions of movement as diverse as cytokinesis, muscle contraction, phagocytosis, 
and vesicular transport. The recent expansion in the number of identified myosin 
genes (many of which are of unknown function) has resulted in the organization of a 
myosin superfamily with at least seven distinct classes (Cheney, Riley, and Mooseker, 
1993). The extensively studied "conventional" myosin molecule, classified as myosin 
II, will hereafter be referred to as myosin. This molecule consists of a pair of heavy 
chains and two pairs of nonidentical light chains. Myosin heavy chains (MYH) are 
encoded by multigene families in all vertebrates examined to date (Emerson and 
Bernstein, 1987), and are subject of the current review. 

The first part of this review will focus on the functional classification and 
distribution patterns of MYH isoforms in mammalian muscle fibers. These studies 
have established a foundation for molecular and genetic analysis of MYH gene 
families for several mammalian species, and support an ultimate goal of understand
ing how complex forms of regulation of the MYH gene family can be translated into 
functional changes in motility. Ongoing genetic studies to determine the full extent 
of the human skeletal MYH gene family will be discussed below, as will the 
molecular basis for functional distinctions among of MYH isoforms. The final section 
of this manuscript will discuss the presence of conventional sarcomeric myosin in 
what appear to be unconventional, nonmuscle locations. The potential functional 
implications of expression of these "muscle-specific" genes in somewhat surprising 
cellular locations will be discussed. 

Muscle Fiber Type Diversity 

It was apparent to microscopists early on that skeletal muscle is comprised of a 
mosaic of morphologically distinct single fibers (Ranvier, 1874). These fibers can be 
classified as slow (type 1) or fast (type 2) with regard to both their speed of 
contraction and their ATPase histochemical staining patterns (see Pette and Staron, 
1990; Gauthier, 1991). In myofibrillar ATPase staining, muscle sections are histo
chemically stained after a preincubation at acidic or alkaline pH, and variations in 
the pH range of the staining procedure (Brooke and Kaiser, 1970) enable resolution 
of subclasses within types 1 and 2. For example, in the rat, type 2 muscle fibers have 
been further subdivided into subtypes 2A and 2B by ATPase staining. The pH 
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sensitivity of ATPase staining is largely due to the ATPase activity of myosin. Thus, 
this type of assay can be used to assess the myosin content of the muscle fiber (see 
Table I, and Pette and Staron, 1990). 

The actual combination of components required to confer the unique properties 
of a given fiber type are unknown. However, physiological variation among fibers that 
are morphologically similar undoubtedly reflects, in part, the underlying patterns of 

TABLE I 
Mammalian Skeletal MYH Isoform Characteristics 

ATPase* Specific Clones 
MYHisoform 

staining antibody eDNA Genomic 

Embryonic pH4.3 + H(1, 2) H(2) 
M(3) R(4) 

Perinatal pH4.3 + H(5, 22) H(6) 
M(3) R(7) 

Adult Ila pH9.6 + R(8) 
M(9) 

Adult lib pH4.5 + R(8) 
M(9) 

Adult Ild/2X pH4.5 + H(10) H(6) 
R(ll, 12) 

Extraocular pH9.6 R(13) 

Beta/Slow pH4.3 + H(10) H(16, 19) 
pH4.5 R(14) R(21) 

M(15) 

Alpha (cardiac- pH4.3 + R(18) H(16, 20, 17) 
specific) pH 10.5 R(21) 

M(15) 

*The pH of the preincubation after which the fiber stains darkly (i.e., the activity is not 
inhibited) is indicated. (H) Human; (R) rat; (M) mouse. References: 1. Eller et al., 
1989; 2. Karsch-Mizrachi et al., 1989; 3. Weydert et al., 1985; 4. Strehler et al., 1986; 5. 
Feghali and Leinwand, 1989; 6. Yoon et al., 1992; 7. Periasamy et al., 1984; 8. 
Nadai-Ginard et al., 1982; 9. Weydert et al., 1983; 10. Saez and Leinwand, 1986; 11. 
Ogata et al., 1993; 12. De Nardi et al, 1993; 13. Wieczorek et al., 1985; 14. Kraft et al., 
1989; 15. Gulick et al., 1991; 16. Saez et al., 1987; 17. Liew et al., 1990; 18. McNally et al., 
1989a; 19. Jaenicke et al., 1990; 20. Yamauchi-Takihara, 1989; 21. Lompre et al., 1984; 
22. Karsch-Mizrachi et al., 1990. 

expression of genes encoding various contractile proteins. Early biochemical studies 
revealed up to eight different MYH species as indicated by their different electropho
retic mobilities on high resolution protein gels (see Termin, Staron, and Pette, 1989; 
LaFramboise, Dood, Guthrie, Moretti, Schiaffini, and Ontell, 1990). The generation 
of antibodies against MYH proteins enabled the simultaneous application of ATPase 
staining and immunohistochemistry on serial sections of groups of muscle fibers. This 



Diversity of Myosin-based Motility 161 

facilitated the localization of MYH isoforms to individual muscle fibers in mixed 
populations, and began a reconciliation of histochemical profiles of fibers with 
specific MYH isoforms (see Gauthier, 1991). This kind of analysis allowed the 
identification of a third type of fast MYH, 2X. 

MYH Gene Expression and Isoform Distribution Patterns 

Molecular cloning has further refined studies of MYH localization as well as patterns 
of gene expression (see Table I). In situ hybridization analysis on serial muscle 
sections using gene-specific antisense probes from the 3' untranslated regions 
(UTRs) of various MYH isoforms has been carried out in parallel with immunohisto
chemical techniques. In the rat, in situ hybridization data support immunohistochemi
cal definitions of fiber subpopulations 2A, 2B, and 2X in that only certain combina
tions of MYH's are found within individual fibers. For example, combinations of 
transcripts representing genes 2X and 2A, or 2X and 2B, and less frequently 2A and 
beta/slow have been localized to single fibers. However, 2A and 2B appear never to 
be colocalized within single fibers in the muscle groups studied (DeNardi et al., 
1993). Studies of different MYH transcripts in rat and mouse indicate that they 
display specific regional distributions throughout development, and that different 
transcripts accumulate in different subpopulations of muscle fibers depending on the 
muscle being studied (DeNardi et al., 1993; Ontell, Ontell, Sopper, Mallonga, Lyons, 
and Buckingham, 1993). 

Human Skeletal MYH Gene Family 

At present, the number of human skeletal MYH genes is predicted to be at least 
eight (see Table I and text below). Human MYH loci have been assigned to three 
different chromosomes. The two known cardiac genes (alpha and beta) are tightly 
linked and located on chromosome 14 (Saez et al., 1987), and a nonmuscle MYH 
gene is located on chromosome 22 (Saez, Myers, Shows, and Leinwand, 1990). The 
human skeletal MYH gene family is clustered on chromosome 17, a region syntenic 
to a location on mouse chromosome 11 (Leinwand, Fournier, Nadal-Ginard, and 
Shows, 1983). Despite their tight linkage in the genome, the skeletal MYH genes 
appear to be independently regulated. 

A physical map represented by a contiguous set ( contig) of nine overlapping 
yeast artificial chromosomes (Y ACs) containing six MYH genes has been generated 
for the human skeletal MYH gene family (Yoon et al., 1992). Sequence data from 
four of these genes reveal that they encode embryonic, perinatal and two adult fast 
MYH isoforms (Yoon et al., 1992). The remaining two genes in the contig are as of 
yet uncharacterized. Additional sequence data from an independently isolated 
human genomic clone suggests that two additional skeletal MYH genes of unknown 
location exist (J. Gundling, unpublished data). Thus, the full extent of the human 
MYH gene family remains to be defined. 

Evolutionary Comparisons of MYH Sequences 

The complexity of the MYH gene family raises the question of whether individual 
genes provide unique functions in the muscle in which they are expressed, or whether 
these genes are functionally redundant. While quantitative differences in the ATPase 
activities of some myosins have been demonstrated, the majority of the sarcomeric 
myosins have not been individually characterized. Sequence comparisons are a 
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useful approach for understanding the relationships among members of this gene 
family. 

The overall primary structure of MYH genes is remarkably conserved across 
species. The locations of intron/ exon borders are frequently maintained interspecifi
cally (Strehler, Strehler-Page, Perriard, Periasamy, and Nadal-Ginard, 1986; Jae
nicke et al., 1990). One exception includes a fusion of the last two exons of a rat gene 
into a single final exon in the chicken (see Moore, Arrizubieta, Tidyman, Herman, 
and Bandman, 1993). The 5' UTRs of MYH genes are usually comprised of two 
exons with the coding region beginning in exon three. The 3' UTRs tend to contain 
divergent sequences and are extremely useful for generating gene-specific probes for 
nucleic acid hybridization studies (see Saez and Leinwand, 1986). 

Evolutionary studies that compare the primary structure of the known mamma
lian MYH genes are often based on the subdivision of the myosin molecule into two 
functionally and structurally distinct domains: the amino-terminal "head" or motor 
domain in which ATPase and actin binding activities reside, and a less conserved 
carboxy-terminal "tail" or rod domain required for assembly of myosin into filaments 
and higher order structures such as sarcomeres in skeletal muscle. 

Comparisons of MYH genes from evolutionarily distinct species indicate that 
the head domain is more highly conserved then the rod domain (see Warrick and 
Spudich, 1987). Despite the absence of direct sequence homology, certain structural 
features of the rod domain are preserved including the presence of a heptad repeat 
in which a hydrophobic residue is present in the first and fourth positions of the 
repeat (McLachlan and Karn, 1982). Conserved higher order repeats involving 
distribution of positively and negatively charged residues are thought to be required 
for the lateral interactions of myosin molecules during thick filament formation. 
(MacLachlan and Karn, 1982). 

MYH gene comparisons among mammalian species suggest that the mamma
lian MYH gene family arose from multiple duplications of an ancestral MYH gene 
(see Moore et al. 1993; Stedman, Eller, Julian, Fentels, Sarkar, Sylvester, Kelly, and 
Rubenstein, 1990). Interspecific comparisons of mammalian MYH genes that have 
similar regulation patterns (such as a comparison between the human embryonic and 
rat embryonic genes) reveal orthologous relationships between these genes. In 
contrast, inter- and intraspecific comparisons of the fast MYH chicken genes reveal 
that they are more similar to each other than to any mammalian gene of similar 
regulation (Moore et al., 1992). These studies suggest that the chicken MYH gene 
family is the result of concerted evolution of genes that arose from duplications that 
occurred subsequent to the avian/mammalian split (Moore et al., 1993). Likewise, 
the differences in the genetic structure between the avian and mammalian MYH 
families suggest that they may have evolved different means of regulating muscle
specific genes and myogenesis as well. 

At present, no functional distinctions among fast MYH isoforms are known. 
Amino acid sequence comparisons can be used to explore the molecular basis for 
functional differences among MYH isoforms, and to create a model framework for 
site-directed mutagenesis studies (McNally, Kraft, Bravo-Zehnder, Taylor, and 
Leinwand, 1989b). When comparisons of human and rat MYHs from both the 
skeletal and cardiac gene clusters are made, regions of absolute sequence identity 
are relatively evenly distributed across the molecule (Fig. 1 A). However, when the 
comparison is restricted to the skeletal MYH genes from the skeletal gene clusters 
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only, there are more regions of absolute sequence identity, particularly in the head 
region of the molecule (Fig. 1 B, left of arrow). This indicates a closer evolutionary 
relationship between the genes within a chromosomal cluster, which is consistent 
with a gene duplication mechanism for generating diversity. Despite information 
that can be gained by sequence comparisons, genetic and biochemical analysis of 
pure populations of MYH will be required for ultimately understanding the func
tional impact of the different muscle MYH isoforms. 

Coexpression of Muscle and Nonmuscle Cytoskeletal Proteins 

Skeletal muscle myosin self-associates to form filaments, which are further organized 
into sarcomeres, the basic structural unit of skeletal muscle. Under most circum
stances the myosin found in skeletal muscle is both structurally and enzymatically 

Amino Acid Sequence Identity Among Mammalian Sarcomeric MYHs 
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Figure 1. Amino acid sequence identity among mammalian skeletal MYH genes. Sequences 
of the MYH genes indicated below were compared by the GCG Pileup program and used to 
generate a schematic model of the MYH protein. Open areas indicate that all isoforms have 
identical amino acids at that position. Vertical lines indicate amino acid positions where at 
least one isoform has a variant residue. Arrow indicates mysosin head/rod junction. (A) 
Amino acid sequence comparisons were derived from human embryonic (Eller et al., 1989), 
human beta (Saez and Leinwand, 1986), human MYHa (Saez and Leinwand, 1986), human 
MYHas8 (1. M. Karsch-Mizrachi, unpublished data), human perinatal (Karsch-Mizrachi et 
al., 1990), rat embryonic (Weydert et al., 1985), rat beta (Kraft et al., 1989), and rat 2d 
(DeNardi et al., 1993) genes. (B) Includes above sequences excluding human and rat 
beta/slow isoforms. Note: sequence comparisons in head region are limited by availability of 
sequence data from the 5' ends of MYH genes. The head region in B represents comparisons 
of human perinatal and embryonic, and rat embryonic genes only. 

distinct from nonmuscle myosin. The myosin in nonmuscle cells generally does not 
form recognizable higher order structures, and its ATPase activity is significantly 
lower than the myosin found in muscle. 

Until recently, nonmuscle and muscle cells were thought to be largely nonover
lapping in terms of their contractile protein composition. These differences may 
reflect the functionally distinct motile processes in which they participate. Non
muscle myosins are required for diverse functions ranging from cell surface receptor 
capping and cytokinesis to cellular morphogenesis. In contrast, muscle myosin 
performs a single specialized function, that of muscle contraction. However, cell 
types have been described that appear to have characteristics of both muscle and 
nonmuscle cells (Table II). For example, testicular stromal cells, fat-storing cells of 
the liver and a category of reticular cell in lymph nodes and spleen all have 
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phenotypic markers characteristic of muscle (Sappino, Schurch, and Gabbiani, 
1990). Further, the expression of these markers can be modulated physiologically, 
suggesting that phenotypic differences might correspond to functional properties of 
the cells. This modulation is perhaps best exemplified by wound healing, where 
fibroblasts during experimental wound healing gradually develop a-smooth muscle 
actin-containing microfilaments, which disappear when the wound is healed (Sap
pino et al., 1990). 

Other examples of coexpression of multiple types of contractile proteins exist. A 
recent report demonstrated transient expression of a brain myosin isoform in muscle 
cells of neonatal mice (Murakami, Trenkner, and Elzinga, 1993). Sarcomeric myosin 
has been demonstrated in the conduction system of the adult heart of various 
organisms, including humans (Kuro-o, Tsuchimochi, Ueda, Takaku, and Yazaki, 
1986; Komuro, Nomoto, Sugiyama, Kurabayashi, Takaku, and Yazaki, 1987).1t is not 
known whether these cells are of mesodermal or neural crest origin, but they appear 
to represent a cell type that is intermediate between muscle and nonmuscle cells. 
Several lines of evidence indicate that these cells are clearly distinct from the 

TABLE II 
Expression of Muscle Cytoskeletal Proteins in Nonmuscle Cells 

a-smooth 
Sarcomeric Smooth 

Desmin muscle 
MYH muscleMYH 

Refs. 
actin 

Testicular stromal cells + + ND + A,B 
Ovarian thecal cells ND + ND ND C,D 
Stromal cells of the rat 

intestinal villi + + ND + E,B,F 
Liver Ito cells + + + G,H,I 

(A) Benzonana et al., 1988; (B) Skalli et al., 1986; (C) Czernobilisky et al., 1989; (D) O'Shea, 
1970; (E) Kaye et al., 1968; (F) Skalli and Gabbiani, 1988; (G) Yokoi et al., 1984; (H) 
Bellardini et al., 1988; (/)Ogata et al., 1993. (ND) Not determined. 

surrounding cardiac musculature despite the striated appearance of the contractile 
proteins. First, they express a type of gap junction protein, connexin 40 (Cx40), which 
is not normally expressed in myocytes, as well as Cx43 and Cx45, the latter two being 
characteristic of ventricular myocytes (Kanter, Laing, Beau, Beyer, and Saffitz, 
1993). Second, these cells express a form of desmin, an intermediate filament protein 
found in all muscle cell types, that is distinct from the desmin found in cardiac muscle 
(Virtanen, 1990). These cells also express the brain creatine kinase isoform. More
over, cardiac Purkinje fibers express a splice variant of dystrophin mRNA that is 
predominantly found in the brain (Bies, Friedman, Roberts, Perryman, and Caskey, 
1992). Given these examples of coexpression of muscle and nonmuscle proteins, our 
notion of the cytoskeleton and nonmuscle cell motility may need to be expanded. 

Myofibroblasts in the Liver 
Some of the cells described above which appear to have characteristics of both 
muscle and nonmuscle cells have been called myofibroblasts. One class of myofibro
blasts can be found in the liver, and is associated with disease and fibrosis. These cells 
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are thought to arise from Ito cells (also known as fat-storing cells, pericytes or 
perisinusoidal cells), which were first described by Ito and Nemoto (1952). They are 
localized in the space of Disse, between the hepatocytes and the endothelial cells, 
where their extensions are in contact with endothelial cells. There are 3 to 6 Ito cells 
per 100 hepatocytes. Two oftheir primary characteristics are the storage of vitamin A 
droplets and the production of liver extracellular matrix proteins, such as types I and 
IV collagen and laminin (De Leuw, McCarthy, Geerts, and Knook, 1984; Wake, 
1971 ). These cells also express desmin, an intermediate filament protein that is 
normally found in muscle cells (Yokoi et al., 1984). Desmin has since been used as a 
marker for the identification of Ito cells. 

Ramadori, Veit, Schwogler, Dienes, Knittel, Rieder, and Meyer zum Buschen
felde, (1990) showed that diseased human livers contain transitional cells with a 
phenotype intermediate between smooth muscle cells and Ito cells. They contain 
indented nuclei, large rough endoplasmic reticulum, microfilament bundles, fat 
droplets and stain positive for desmin. Several lines of evidence suggest that Ito cells 
convert to myofibroblasts during liver fibrogenesis. First, in normal liver, Ito cells are 
found in larger numbers than myofibroblasts, whereas in cirrhotic liver the situation 
is reversed (Mak, Leo, and Lieber, 1984; Mak and Lieber, 1988; Geerts, Lazou, De 
Bleser, and Wisse, 1991). Second, Ito cells express several proteins normally found in 
muscle such as desmin, a-smooth muscle actin, sarcomeric myosin, and a smooth 
muscle-specific cyclic GMP-dependent protein kinase (Bellardini et al., 1988; Schmitt
Graff, Kruger, Bochard, Gabbiani, and Denk, 1991; Ogata et al., 1993; Joyce, 
DeCamilli, and Boyles, 1984). Third, treatment of myofibroblasts with vitamin A or 
insulin and indomethacin reverts their phenotype to that of fat-storing cells (Margis 
and Brojevic, 1989). As Ito cells were further characterized, it became apparent that 
they share additional characteristics with muscle cells. 

The localization of Ito cells in the perivascular region, and their close contact 
with the endothelial cells led to the suggestion that these cells may be involved in the 
regulation of perisinusoidal blood flow (Pinzani, Failli, Ruocco, Casini, Milani, 
Baldi, Giotti, and Gentilini, 1992). Consistent with this hypothesis is their response 
to vasoconstrictors such as endothelin-1, thrombin, and angiotensin II by an intracel
lular calcium wave. This hypothesized function would predict specialized contractile 
behavior, such as the observation that Ito cells can contract on collagen plates while 
hepatocytes of the same density are unable to do so (Rockey, Housset, and 
Friedman, 1993). 

Sarcomeric MYH Expression in Liver Ito Cells 
Recently, in collaboration with Dr. Marcos Rojkind (Albert Einstein College of 
Medicine), we have begun a detailed investigation into the cytoskeletal protein 
composition of rat Ito cell lines. Surprisingly, in addition to the expected nonmuscle 
myosin heavy chain, skeletal MYH was also expressed in Ito cells lines (Ogata et al., 
1993). One of the MYH genes was identified as adult skeletal fast lid, a gene which is 
normally expressed only in adult skeletal muscle fibers. In addition, the perinatal 
MYH isoform was also present in these cells (C. Saez, unpublished observation). 
Immunohistochemical studies suggest that the sarcomeric MYH does not interact 
with the actin cytoskeleton or with the nonmuscle myosin heavy chain in these cells. 
Rather, the sarcomeric MYH forms dense patches around the nucleus and the 
periphery of the cells (Fig. 2). It is tempting to speculate that these myosins might 
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Figure 2. Immunocytochemical staining of cultured rat Ito cells (Ogata et al., 1993) with an 
anti-sarcomeric MYH·specific monoclonal antibody (F59 antibody; Miller et al., 1989;A ), and 
with rhodamine phalloidin to detect actin filaments (B). 

provide the contractile force for regulating sinusoidal blood flow. Further experimen
tation is required to answer this question and is currently under investigation. 

The study of these cells has provided a framework for reconsidering our 
concepts of muscle and nonmuscle cytoskeletons. It may be that expression of muscle 
contractile proteins in nonmuscle settings represents an evolutionary adaptation that 
permits specialized motile behavior. In addition to expanding our understanding of 
motility, these observations raise a number of very interesting questions. For 
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example, the study of muscle-specific gene expression has identified myogenic 
regulators and muscle-specific transcription factors that determine the activity of 
many muscle-specific genes. It will be interesting to determine whether the mecha
nisms for expressing a skeletal muscle MYH gene in a nonmuscle cell are the same as 
in a muscle cell. In addition, it seems that only a small subset of the full program of 
sarcomeric proteins are expressed in these intermediate cell types. What mechanism 
determines the selection of genes to activate? It will also be interesting to determine 
the full range of cytoskeletal molecules expressed in these cells. For example, if a 
sarcomeric MYH is expressed, which myosin light chain is utilized? These and other 
questions can be addressed experimentally and should advance our understanding of 
contractile protein gene expression and myosin-based motiliy. 
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The last two years have witnessed the discovery of several novel actin-related 
proteins having primary sequences that are only 35-55% identical to those of 
conventional nonmuscle actins. This low level of similarity, and other characteristics 
to be described below, strongly suggest that they have roles distinct from those of 
conventional actin isoforms. Several of these actin-related proteins are now known to 
occur in diverse organisms, strongly indicating that, whatever their precise functions, 
they are essential for most eukaryotic cells. 

Actin is a highly conserved protein that has been investigated intensively for 
decades. It was once hypothesized, most notably by Bray (1972) that actins from all 
sources had identical primary sequences. That theory was modified, however, when 
Gruenstein and Rich (1975) demonstrated that actin isolated from chicken brain had 
a slightly different tryptic peptide map from that isolated from chicken muscle, and 
when Garrels and Gibson (1976) demonstrated that chickens harbored at least three 
actin isoforms that could be separated using two-dimensional gel electrophoresis. 
Finally, Vandekerckhove and Weber (1978) directly sequenced mammalian muscle 
and nonmuscle actin isoforms, and thereby demonstrated that they have primary 
sequences that differed in -25/375 positions. 

In ensuing years, actin genes from diverse organisms were isolated and se
quenced. It thus became apparent that animal actin isoforms were highly similar 
(Bray [1972] wasn't so far off the mark), seldom differing by more than 3-7% when 
analyzed by pairwise comparisons (Hightower and Meagher, 1986). Actins from 
plants and protozoans proved to be more divergent, having 11-30% divergence when 
analyzed by pairs, but apparently never tolerated peptide insertions, as all of the 
isoforms have lengths of 374-376 amino acids (Hightower and Meagher, 1986; 
Greslin, Loukin, Oka, and Prescott, 1988; Cupples and Pearlman, 1986; Ben Amar, 
Pays, Tebabi, Dero, Seebeck, Steinart, and Pays, 1988). 

The discoveries of more distant actin relatives thus were unexpected, and have 
generated considerable excitement. Remarkably, the majority of findings made to 
date were serendipitous, in that cDNAs and genes that encode these proteins were 
recovered during random sequencing projects, or in the course of isolating unrelated 
DNA sequences. For example, during a polymerase chain reaction-based screen for 
the Schizosaccharomyces pombe tropomyosin gene, Lees-Miller, Henry, and Helfman 
(1992) isolated a gene, called act2, encoding a protein of 427 residues that bore only 
35-50% similarity to conventional actin isoforms and, as might be surmised from the 
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fact that it is over 50 residues longer than conventional actins, contains several 
peptide insertions. During the course of isolating a gene referred to as PRP9 from 
Saccharomyces cerevisiae Schwob and Martin (1992) recovered a gene, also called 
act2, that encoded a protein of 391 amino acids that was 47% identical to conven
tional nonmuscle actin isoforms. Several additional cDNAs that specify actin-related 
proteins were discovered during random sequencing of expressed messenger RNAs 
of Caenorhabditis elegans and humans (Adams et al., 1992; Waterston et al., 1992; 
McCombie et al., 1992). 

Because they have been discovered very recently, relatively little is known about 
the functions of these novel actin-related proteins, but several important clues have 
been discovered. Lees-Miller et al. (1992) and Schwob and Martin (1992) demon
strated by gene knockout experiments that both the S. pombe and S. cerevisiae 
actin-related genes were essential for viability. Schwob and Martin (1992) have 
furthermore inferred from the phenotype of haploid yeast strains having only one 
functioning act2 gene that the gene product is involved in bud formation. However, it 
is my opinion that this conclusion is rather equivocal, as mutations in any of a number 
of genes that regulate the yeast cell cycle could confer a similar phenotype. Neither 
of these yeast actin-related proteins are likely to copolymerize with bona fide actins, 
because both have peptide insertions that will almost certainly interfere with the 
relevant interactions, based upon the structural models of monomeric and polymeric 
actin proposed by Kenneth Holmes and his collaborators (Kabsch, Mannherz, Suck, 
Pai, and Holmes, 1990; Holmes, Popp, Gebhard, and Kabsch, 1990). 

Thus, the two actin-related proteins discovered in yeasts have peptide insertions 
that almost certainly prevent their polymerization, yet both retain overall similarities 
(35-50% amino acid identity) to conventional actins. As such, either protein could in 
theory interact with, but not polymerize with, monomeric or polymeric actin, and 
thus regulate some aspect of actin assembly dynamics or filament morphology. That 
hypothesis is consistent with two recent observations. The first is that homologs of 
these two proteins now have been found in several organisms, including C. elegans 
(D. Helfman, personal communication), Drosophila (Fyrberg and Fyrberg, 1994, our 
unpublished results), and mammals (Tanaka et al., 1992) indicating that they 
participate in fundamental processes. Second, steady state levels for both of these 
proteins are strongly substoichiometric, relative to those of conventional nonmuscle 
actins (Tanaka et al., 1992, Fyrberg and Fyrberg, 1994, our unpublished observa
tions), suggesting that they are unlikely to be major structural components, and 
perhaps indicating that they instead regulate actin filament dynamics. 

The biochemical function of a third member of the actin related family of 
proteins is known in more detail. This protein, referred to as actin-RPV (Lees
Miller, Helfman, and Schroer, 1992), or centractin (Clark and Meyer, 1992) has 376 
residues and is roughly 54% identical to mammalian nonmuscle actin isoforms. 
Actin-RPV has been found to be part of the dynactin complex, a protein assembly 
that facilitates transport of vesicles along microtubules by cytoplasmic dynein 
(Lees-Miller et al., 1992; Paschal, Holzhauer, Pfister, Clark, Meyer, and Vallee, 
1993). This is a remarkable finding for those interested in either cellular physiology 
or evolution, as it may be viewed as a cooperative venture of microtubule- and 
microfilament-based motility systems (see Goldstein and Vale, 1992). Precisely what 
role is played by actin-RPV in the dynactin complex is not known, however electron 
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microscopy of the partially purified components indicates that it forms short stalks of 
uniform length (T. Schroer, personal communication). Perhaps these stalks help to 
link vesicles to the motor complex. As in the case of proteins specified by the S. 
pombe and S. cerevisiae act2 genes, the role of actin-RPV is probably fundamental, 
because it is known to be present in nematodes, Drosophila, and vertebrates (D. 
Helfman, personal communication, our unpublished observations). 

How many more actin-related proteins remain to be characterized, and how 
widely distributed are they? These basic questions must be answered before the roles 
ofthese proteins can be conceptualized accurately. We have addressed this issue by 
attempting to isolate all of the actin-related protein encoding genes from a single 
organism, the genetically tractable eukaryote Drosophila melanogaster. We synthe
sized degenerate oligonucleotide primers for two peptides, GDGVTH and 
VLSGGTT, that are highly conserved in all conventional actins as well as in all 
actin-related proteins characterized to date. Both peptides are located within the 
ATP-binding pocket, where the need for stereochemical constancy presumably is 
greater than elsewhere within actin. Intervening Drosophila genomic DNA was 
amplified using the polymerase chain reaction, cloned in vector pUC19, and se
quenced using universal primers and the method of Sanger, Nicklen, and Coulson, 
(1977). From nearly 300 clones we found, in addition to the six genes encoding 
conventional Drosophila actin isoforms (Fyrberg, Bond, Hershey, Mixter, and David
son, 1981), only four genes that specify actin-related proteins. Two of these encode, 
based upon their degrees of amino acid similarities, the homologs of the S. pombe 
and S. cerevisiae genes described above. A third gene is clearly homologous to 
actin-RPV. The fourth is, we believe, a gene without precedent. It is like actin-RPV 
in that it encodes a protein of 376 residues having no peptide insertions. However, 
the encoded protein sequence is not, based upon its sequence, an RPV isoform. 
Remarkably, the mRNA and protein appear to accumulate only within males, and 
preliminary observations suggest that it is expressed in testes. Perhaps this novel 
protein facilitates the activity of dynein in flagellated spermatozoa, hence serves a 
role somewhat analogous to that of actin-RPV with respect to cytoplasmic dyne in. 

In sum, our research and that of several other laboratories strongly suggest that 
the number of actin-related proteins is small, probably only three or four in most 
organisms, and also demonstrates that homologs of these proteins occur in a wide 
variety of phyla. The emerging picture is one of only a few proteins, each of which is 
involved in fundamental functions and conserved over vast evolutionary distances. 

Is there any evidence for even more distant relatives of actin? The answer to the 
question is yes, and the story just as surprising as that described earlier. The case for 
divergent evolution is not quite as clear cut as for the actin-related proteins discussed 
above, but strong arguments for that mechanism can be marshalled nevertheless. 

This part of the actin protein superfamily story is based entirely upon x-ray 
crystallography. As was described earlier in this manuscript, Kenneth Holmes and 
his collaborators (Kabsch et al., 1990; Holmes et al., 1990) solved the structures of 
monomeric and polymeric actin using improved area detectors and computer fitting 
programs. The atomic structures provided a number of surprises, two of which are 
highly germane to actin evolution. The first is that monomeric actin is comprised of 
four subdomains, two of which (one and three) are structurally similar despite their 
lacking any obvious primary sequence conservation (Kabsch et al., 1990). This 
finding strongly suggests that actin evolution entailed the duplication of a prototypi-
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cal subunit. The second, more surprising finding is that this same basic structure is 
characteristic of sugar kinases, most notably hexokinase, the model enzyme for the 
"induced fit" mode of substrate binding (Steitz, Fletterick, Anderson, and Ander
son, 1976; reviewed by Branden, 1990). Hexokinase, like actin, is an ATPase. 
However, actin and hexokinase functions are rather distinct. Actin splits ATP so as 
to implement its assembly into a filament (Pollard, 1990), whereas hexokinase 
phosphorylates glucose at the start of the glycolytic pathway (Middleton, 1990). 
Because the structural relatedness of the two proteins is not reflected in their 
primary sequences, it is not absolutely certain whether they are products of divergent 
or convergent evolution. However, it certainly is plausible that actin evolution 
entailed the duplication and divergence of part of its structure. The same divergent 
mechanism is the most likely explanation for the similarity of actin and hexokinase 
because, as Bork, Sander, and Valencia (1992) have pointed out, while the similarity 
of the ATP-binding pockets could be dictated by stereochemical limitations, hence 
occur by convergence, it is very difficult for that same mechanism to explain the 
structural similarity of the complete molecules. 

An even more remarkable finding followed the solution of the 44-kD (ATP
binding) subunit of hsc70. This protein uses the energy liberated by ATP breakdown 
to chaperone proteins across membranes or to uncoat clathrin-coated vesicles 
(Gething and Sambrook, 1992). Hence, the non-ATPase portion of the molecule 
binds any number of ligands. When David McKay and collaborators (Flaherty, 
DeLuca-Flaherty, and McKay 1990; Flaherty, McKay, Kabsch, and Holmes, 1991) 
analyzed the structure of the 44-kD fragment they found that it is very similar to that 
of actin. 241 of 376 amino acids proved to be structurally equivalent when the two 
structures were superimposed. Of these, 39 were identical in the two proteins, and 56 
additional amino acids were of very similar character, though not identical. However, 
the two proteins are effectively unrelated by their primary sequences. As in the case 
of actin comparisons to sugar kinases, one cannot be absolutely sure whether the 
actin similarity to molecular chaperonins is due to convergent or divergent evolution 
without further analysis, but the more compelling case can be constructed for 
divergent evolution. 

These just described structural similarities have been used to construct an 
algorithm for recognizing additional members of the actin superfamily (Bork et al., 
1992). In the course of detailed structural comparisons of actin, hsc70, and hexoki
nase these researchers found five small peptide motifs whose "characters" are 
conserved in all three proteins. By searching the Swiss-Prot database for proteins 
having these motifs, they discovered that several prokaryotic proteins involved in 
driving the cell cycle and stabilizing plasmids are likely to be members of the actin 
protein superfamily. If this finding is ultimately confirmed it demonstrates that the 
actin protein superfamily predates the divergence of eukaryotes and prokaryotes 
despite the fact that actin does not occur in prokaryotes. 

In conclusion, both gene cloning and x-ray crystallography have contributed to 
our understanding of the actin protein superfamily. The recently discovered actin
related proteins described in the first portion of this paper are clearly products of 
divergent evolution, and it will be very interesting to detail their cellular roles. 
Although actin is clearly related to the sugar kinases and certain molecular chaper
onins, the case for divergent evolution is not quite as certain, although Bork et al. 
(1992) have put forth compelling arguments. In any event, actin and its relatives are 
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now interesting subjects for a variety of evolutionary studies, some of which may well 
inform us further as to physiological mechanisms. 
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The presence of pathways for the entry and exit of solutes distinguish biological 
membrane from artificial lipid bilayer. Among these pathways are membrane 
channels that allow passive flow of solutes along their individual electrochemical 
gradients. Channel activities and channel-gene sequences in microbes, reviewed 
here, indicate an early emergence in evolution. As is evident from other chapters of 
this volume, microbes, which encompass many eucaryotes and all procaryotes, are 
vastly more diverse than plants and animals combined. Besides our interest in 
microbial biology and channel evolution, we would like to study the molecular details 
of ion-channel structures and functions. Thus, most of the microbial species exam
ined with patch clamp are those that are genetically tractable and that have been 
used extensively in biochemical or molecular-biological research. We will review 
work on Paramecium, Dictyostelium, budding and fission yeasts, Escherichia coli, and 
Bacillus subtilis. 

Ion-channel activities discovered in these organisms are summarized in Table I. 
Before the advent of patch clamp, electrical measurements could only be made 
reliably on giant cells in vivo, or by incorporating channel proteins into planar lipid 
bilayers in vitro. The patch-clamp method not only allows us to examine the activities 
of individual ion channels (Hamill, Marty, Neher, Sakmann, and Sigworth, 1981) but 
also allows the study of small cells. Few modifications of standard solutions, 
electrodes, and amplifiers are needed to record from microbes. Rather, the chal
lenge is to generate appropriate preparations of microbial membranes that can form 
gigaohm seals with patch-clamp pipets. For example, the Paramecium surface is 
smothered with cilia. Yeast membrane is overlaid with a cell wall, and different 
yeasts differ in their wall components. E. coli has two membranes, with a cell wall 
sandwiched between the outer and the inner membrane. No single method can be 
applied to all these preparations. Specific methods used to study channels from these 
microbes can be found in Saimi, Martinac, Delcour, Minorsky, Gustin, Culbertson, 
Adler, and Kung (1992) and references cited under different organisms below. 

Paramecium 

A paramecium swims by means of 5,000 incessantly beating cilia. Like those of 
metazoa, each cilium consists of a dynein-ATPase powered 9 + 2 assembly of sliding 
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TABLE I 
Microbial Ion-Channel Activities 

Observed as 
Species Current Activation Selectivity Ref.§§ 

mac.* mic.* (pS) 

Paramecium lea( d) depolarization Ca2+ + +*(1.6) 1 
tetraurelia IK(d) depolarization K+ + 2 

IK(Ca,d) Ca2+, K+ + +(150) 3,9 
depolarization 

INa(Ca) Ca2+§ Na+ + +(19) 4 
IMg(Ca) Ca2+ Mg2+ + 5 
Ica(h) hyperpolarization Ca2+ + 6 
IK(Ca,h) Ca2+, K+ + +(72) 7 

hyperpolarization 
IM(mech) mechanical!! M2+ + 8 
IK(mech) mechanical, K+ + 9 
IM depolarization M+ +(40) 10 
IM(ATP) ATP M+ +(160) 10 
ICI Ca2+ cl- +(18) 10 

Dictyostelium IK(dl) depolarization K+ +(11) 11 
discoideum IK(dll) depolarization K+ +(6) 11 

Ica(h) hyperpolarization Ca2+ +(3) 11 
Saccharomyces IK(d) depolarization K+ + +(20) 12 

cerevisiae IM(mech) mechanical M+ >A- + +(36) 13 
Schizosaccharo- IM(mech) mechanical M+ >A- +(180) 14 

mycespombe l?(v) ** voltage ? +( < 153) 15 
Escherichia coli porins** voltage M+ ~A- +(200) 16 

MscS mechanical M+:::; A- +(1,000) 17 
MscL mechanical M+ =A- +(2,500) 18 

Bacillus subtilis I(mech) mechanical M+ =A- +(100-3,000) 19 

*Macroscopic currents (mac.) recorded with a two-electrode voltage clamp on Paramecium 
and with a patch clamp in the whole-cell mode for yeast; microscopic currents ( mic.) by excised 
patch mode. 
*Recorded from ciliary membrane material in planar lipid bilayers. (Ehrlich eta!., 1984). 
§Ca2+ activation apprently through direct channel-calmodulin interaction. 
IILocated in the soma (nonciliary) membrane at the anterior of the Paramecium cell. 
,Located in the soma (nonciliary) membrane at the posterior of the Paramecium cell. 
**Poorly selective, exhibiting several conductances. 
**Porins are the only channel proteins, the x-ray structure of which is known. 
§§References: 1. Oertel et a!. (1977); Brehm and Eckert (1978); Ehrlich et a!. (1984). 2. 
Machemer and Ogura (1979); Satow and Kung (1980a). 3. Satow and Kung (1980b); Preston et 
a!. (1990b). 4. Saimi and Kung (1980); Saimi (1986). 5. Preston (1990). 6. Preston et a!. 
(1992a,b). 7. Preston eta!. (1990a). 8. Ogura and Machemer (1980); Satow et a!. (1983). 9. 
Ogura and Machemer (1980). 10. Martinac et a!. (1988); Saimi, Martinac, Preston, unpub
lished observations. 11. Mueller and Hartung (1990). 12. Gustin eta!. (1986); Berti eta!. (1992, 
1993). 13. Gustin et a!. (1988). 14. Zhou and Kung (1992). 15. Vacata et a!. (1992). 16. 
Schindler and Rosenbusch (1978); Berrier eta!. (1991); Delcour eta!. (1989b, 1991). 17. 
Martinac eta!. (1987). 18. Sukharev eta!. (1993, 1994). 19. Zoratti eta!. (1990); Martinac eta!. 
(1992). 
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microtubules enclosed in a ciliary membrane that is continuous with the soma 
membrane. The Paramecium membrane is excitable and ciliary motility is governed 
by membrane electrogeneses. The avoiding reaction (Jennings, 1906), for example, 
correlates with a Ca2+ -based action potential, and the resultant intraciliary increase 
of Ca2+ causes the cilia to beat in a reversed direction to propel the cell backward 
(Eckert and Naitoh, 1972). Hyperpolarization triggers other ion currents and a more 
rapid ciliary beat in a near-normal direction, causing the cell to spurt forward 
(Naitoh and Eckert, 1973). Cyclic AMP is thought to play an important role in this 
spurting response (Bonini, Gustin, and Nelson, 1986; Nakaoka and Machemer, 
1990). Recently, Schultz and co-workers (Schultz, Klumpp, Benz, Schurhoff
Goeters, and Schmid, 1992) suggested that, the K+ efflux underlying membrane 
hyperpolarization and cAMP increase in Paramecium might be effected by the same 
entity-the ciliary adenylate cyclase. In support of this hypotheses, they found the 
purified cyclase, upon incorporation into planar lipid bilayer, to be associated with a 
320-pS, nonselective conductance. 

Because the cell is large, some 300 J.Lm in length, Paramecium has been 
investigated with the classical two-electrode voltage clamp as well as patch clamp. 
Experiments with P. tetraurelia using these two methods revealed at least 13 types of 
ion currents: Ica(d)• Ica(h)• IM(mech)• IK(d)• IK(h)• IK(Ca,d)• IK(Ca,h)• IK(mech)• INa(Ca)• IMg(Ca)• ICI, 
IM, IM(ATP) (Table I). This diversity echoes the anatomical and functional complexity 
of this highly differentiated one-cell animal (Jurand and Selman, 1969) that has to 
move, recoil, adapt, endocytose, excrete, secrete, divide, mate, autogamize, et cetera 
(Goertz, 1988). 

When one examines Paramecium bathed in various external solutions under a 
two-electrode voltage clamp, membrane depolarizations can trigger at least five 
currents. (a) Ica(d)• a depolarization-activated Ca2+ current: this current activates 
rapidly in response to voltage and then inactivates in a Ca2+ -dependent manner 
(Oertel et al., 1977; Brehm and Eckert, 1978). Deciliation abolishes this current, 
indicating that the channels are located in the Ca2+ ciliary membrane and not the 
body membrane (Dunlap, 1977; Machemer and Ogura, 1979). Pawn mutations 
abolish or reduce this current (Kung and Eckert, 1972; Oertel et al., 1977). (b) IK(d)• a 
rapid K+ current activated by the depolarization that inactivates slowly (Machemer 
and Ogura, 1979; Satow and Kung, 1980a). (c) INa(Ca)• anNa+ current activated by 
internal Ca2+, presumably from the above Ca2+ current (Saimi and Kung, 1980; 
Saimi, 1986). A subclass of calmodulin mutants called "fast-2" has little or none of 
this Na+ current (Saimi, 1986; Kink, Maley, Preston, Ling, Wallen-Friedman, Saimi, 
and Kung, 1990; Kung, Preston, Maley, Ling, Kanabrocki, Seavey, and Saimi, 1992). 
(d) IK(Ca,d)• a K+ current, also activated by internal Ca2+ (Satow and Kung, 1980b, 
Preston, Wallen-Friedman, Saimi, and Kung, 1990b ). A different subclass of calmodu
lin mutants called "pantophobiacs" shows large reductions in this current (Saimi, 
Hinrichsen, Forte, and Kung, 1983, Kink et al., 1990; Preston, Saimi, Amberger, and 
Kung, 1990b). This current is greatly enhanced in the teaA mutant, (Hennessey and 
Kung, 1987; Preston et al., 1990c). (e) IMg(Ca)• a Mg2+-specific current activated by 
Ca2+ (Preston, 1990). This novel current, first ever reported in any organism, has a 
selectivity of Mg2+ > Mn2+ = Co2+ > Sr2+ = Ba2+ » Ca2+. It is affected in some of 
the calmodulin mutants (Preston, unpublished results). 

Hyperpolarizations under voltage clamp also reveal at least five currents. (a) 
Ica(h)• an unusual Ca2+ current. Unlike other Ca2+ channels, this permeability is not 
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only impermeant to, but actually blocked by Ba2+ (Preston et al., 1992a ). It is also 
blocked by amiloride and shows a Ca2+ -dependent inactivation (Preston et al., 
1992b). Nakaoka and Iwatsuki (1992) found a sustained component of a current that 
correlates with ciliary beat frequency increase upon hyperpolarizations in P. cauda
tum. This current seems to have some of the characteristics of Iea(h) of P. tetraurelia. 
(b) IK(h)• a hyperpolarization-activated K+ current blockable by quinidine (Oertel, 
Schein, and Kung, 1978; Preston et al., 1990a). (c) IK(ca,h)• a K+ current activated 
after Ica(h)· This current is kinetically and pharmacologically distinct from IK(Ca,d) 
(Preston et al., 1990a,c). Calmodulin mutations of the pantophobiac type reduce or 
eliminate this current, while some of the fast-2 type calmodulin mutations and rst 
cause an early activation of it (Preston et al., 1990b,c). (d) INa(Ca)· This current, 
induced by Ica(h)• is believed to flow through the same Na+ channel activated by Ca2+ 
from Ica(d)• because the Na+ currents at either polarizations are affected by the fast-2 
type of calmodulin mutations in identical manners (Saimi, 1986; Preston, Kink, 
Hinrichsen, Saimi, and Kung, 1991). (e) IMg(Ca)· This current also most likely flows 
through the same Mg2+ channel activated by lea( d)• since the Mg2+ currents observed 
at opposite polarizations have the same ion selectivity and blockage pattern (Pres
ton, 1990). 

When a Paramecium strikes an obstacle in its swim path, it backs up. Mechanical 
impacts on the anterior end of electrode-pinned cells elicit a depolarization prior to 
the action potential. This receptor potential was found to be based on Ca2+ (Eckert, 
Naitoh, and Friedman, 1972). Although nearly all divalent cations were able to carry 
Ica(mech)• the corresponding receptor current under voltage clamp, Ca2+ presumably is 
the natural carrier, given the normal extra- and intracellular distributions of ions 
(Ogura and Machemer, 1980, Satow et al., 1983). Touching the posterior of a 
Paramecium causes it to spurt forward. This mechanical stimulation induces a 
hyperpolarization by means of a K+ efflux, IK(mech) (Naitoh and Eckert, 1973; Ogura 
and Machemer, 1980). 

The activities of two types of divalent-cation passing channels were reported, 
when a fraction of Paramecium ciliary membrane was incorporated into planar lipid 
bilayers, (Ehrlich et al., 1984): (a) a voltage-independent 29 pS channel that 
permeates Mg2+ slightly better than Ba2+ and Ca2+. This channel might be equivalent 
to the anterior mechanoreceptor channel. (b) A voltage-dependent 1.6 pS channel 
that favors Ba2+ and Ca2+ greatly over Mg2+. Its activities are affected by calmodulin 
antagonists (Ehrlich, Jacobson, Hinrichson, Sayrer, and Forte, 1988). This channel 
current might be the microscopic equivalent of lea( d)· 

The application of patch clamp to surface blisters or detached cilia from 
Paramecium allowed recording of activities from many different types of ion channel. 
These include at least four types of K+ channels, a Ca2+ channel, aNa+ channel, a 
Cl- channel (ICJ), 2 cation-nonspecific channels (IM), one of which can be activated 
by ATP (IM(ATP)) (Martinac et al., 1988; Saimi, Martinac, Preston, unpublished 
observations). The activities of two of these channels have been documented 
extensively. (a) A Ca2+-dependent K+ channel of 72 pS conductance, which is more 
active upon hyper- than depolarization (Saimi and Martinac, 1989). This appears to 
be the microscopic equivalent of IK(Ca,h)· Limited proteolytic digestion activates this 
channel and makes it independent of Ca2+ and voltage (Kubalski, Martinac, and 
Saimi, 1989). (b) A 19-pS Ca2+-dependent Na+ channel, which depends on Ca2+
calmodulin for its activation (Saimi and Ling, 1990). This is apparently the channel 
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responsible for the macroscopic INa(Ca) above. For details on these two types of 
channels, see Preston et al., 1991. 

The widely studied voltage-gated K+-channel genes in the Shaker family, 
including the closely related members: Shaker, Shal, Shah and Shaw, have been 
found in various species, ranging from insects to mammals (Salkoff, Baker, Butler, 
Covarrubias, Pak, and Wei, 1992). Such genes have recently been discovered in 
jellyfish by polymerase chain reactions and library searches (Jegla, Laraque, Gallin, 
Grigoriev, Spencer, Salkoff, 1993). Similar techniques, however, failed to discover 
such homologs in Paramecium and budding yeast. Recent studies also revealed a 
loosely connected group of channel genes, only remotely related to the Shaker in 
terms of sequences. However, these channels have a structural motif recognizably 
Shaker-like: with six putative membrane-crossing helices (S 1-S6) and a putative pore 
forming region (H5). Members of this broader group include the cyclic nucleotide
gated cation channels in vertebrate rod outer segments (Kaupp et al., 1989) and 
olfactory cilia, the eag channel of Drosophila (Warmke, Drysdale, and Ganetsky, 
1991; Bruggemann, Pardo, Stuhmer, and Pongs, 1993), and the inward rectifier K+ 
channels of the mustardArabidopsis (Schachtman, Schroeder, Lucas, Anderson, and 
Gaber, 1992). These channels differ in their conductances, ion selectivity and gating 
mechanisms. Recently, Jegla et al. (1993) discovered several genes in Paramecium 
that apparently encode channels of this group. Although the activities of the 
corresponding channel proteins have yet to be determined, their work shows that 
ancestral forms of this extended family have apparently originated before the 
divergence of protozoa and metazoa. 

Dictyostelium 
Dictyostelium discoideum is a slime mold that grows as individual amoebae. Upon 
starvation, the amoebae aggregate to form a multicellular fruiting body using cAMP 
as an intercellular signal. Aggregating amoebae, alternating in time and in location 
with respect to neighbors in a swarm, release and respond to cAMP. Among other 
effects, binding of cAMP appears to stimulate a Ca2+ uptake (Bumann, Malchow, 
and Wurster, 1984) and a K+ release (Aeckerle, Wurster, and Malchow, 1985). 

In their first reported patch-clamp study of Dictyostelium cells, Mueller, Mal
chow, and Hartung (1986) found a 9-pS channel that probably passes K+. More 
recently, Mueller and Hartung (1990) reexamined the membranes of amoebic cells 
after induction of differentiation by nutrient removal. In the cell-attached configura
tion, they consistently observed the activities of three types of unit conductance: Dl, 
an 11-pS K+ conductance activated upon depolarization; DII, a 6-pS K+ conduc
tance activated upon depolarization; and HI, a 3-pS Ca2+ -passing conductance 
activated upon hyperpolarization. Based on probability of encounter, channel densi
ties appear low: ~ 0.1/ ,_..m2 for DI and HI and ~ 0.02/ ,_..m2 for DII. 

Saccharomyces Cerevisiae 
This budding yeast has been used extensively in modern biological research. As 
expected, Ca2+, K+, Na+, Mg2+, and several trace metals are required for its growth. 
Ca2+, in particular, is needed for cell-cycle progression (Iida, Sakaguchi, Yagawa, 
and Anraku, 1990). At least two CDC proteins, products of cell-division cycle genes, 
have the EF-hand structures indicative of their being Ca2+ binding proteins (Baum, 
Furlong, and Byers, 1986; Miyamoto, Okya, Ohsumi, and Anraku, 1987). 
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The plasma membrane of S. cerevisiae can form a gigaseal with patch-clamp 
pipettes after enzymatic removal of the cell wall. Patch-clamp investigation showed 
activities of at least two types of ion channels. (a) A 20-pS channel is activated upon 
depolarization above a threshold of - -10 mV but that is not activated by hyperpo
larization. This channel is highly specific forK+ over Na+ and is blocked by the usual 
K+ -channel blockers, tetraethylammonium and Ba2+ (Gustin et al., 1986). Berti et al. 
(1992, 1993) found that the activities of this channel at different voltages are affected 
in different manners by Ca2+ in the cytoplasmic side. Surprisingly, Ramirez, Vacata, 
McCusker, Haber, Mortimer, Owen, and Lecar (1989) assigned an electric activity to 
a K+ channel, which appears at > + 100 mV or < -100 mV in a wild type. In a 
mutant defective in the structural gene for the plasma-membrane H+-ATPase, 
however, they found this activity to appear at lower voltage, in the presence of >50 
mM ATP. The mutation appears to make this K+ channel sensitive to cytoplasmic 
ATP. It is difficult to see how an altered ATPase can affect the channel in this 
manner. (b) Stretch forces exerted on the membrane activate a 36-pS channel, which 
is blockable by 10 !J.M gadolinium applied to the cytoplasmic side. This channel 
passes a variety of ions including Ca2+, but prefers cations over anions. This channel 
also shows an adaptation to a sustained stretch force. Interestingly, this adaptation 
depends on voltage. It takes place when force is applied when the membrane is 
polarized (cytoplasmic negative); a force applied during depolarization (positive) 
activates these channels but does not inactivate them. In whole-cell recording, 
previously inactivated channels can apparently recover during depolarization and 
force application. Experiments with whole-spheroplasts of different sizes showed 
that the channel-activating stimulus is a tension along the plane of the membrane 
and not a pressure perpendicular to it (Gustin et al., 1988). This stretch force is most 
conveniently applied by a suction in the on-cell patch mode or a pressure in the 
whole-cell mode. Changing bath osmolarity, can also activate these channels re
corded in the whole-cell mode (Zhou, Gustin, and Martinac, unpublished observa
tion). A failure to elicit the whole-cell macroscopic mechanosensitive current 
anticipated by microscopic currents seen in patches excised from snail neurons, in 
particular, cautioned us against the possible artifactual origin of mechanically 
induced activities in general (Morris and Horn, 1991). However, the expected 
macroscopic currents have been recorded from S. cerevisiae spheroplasts and were 
found to saturate at higher stretch forces, as expected of a finite number of openable 
channels in a yeast cell and not expected of membrane breakdown and leakage 
(Gustin et al., 1991). Although the function(s) of the mechanosensitive channels is 
not yet clear, it seems reasonable to suppose that they play a role in osmoregulation. 
Yeasts show clear physiological responses to osmotic stress (Blomberg and Adler, 
1989). An increase in external osmolarity is followed by an internal osmolarity 
adjustment. The downstream events of this osmosensing signal transduction pathway 
include a protein phosphorylation cascade similar to the MAP kinase and MAP
kinase kinase pathway (Brewster, de Valoir, Dwyer, Winter, and Gustin, 1993). 
Whether ion channels are involved, especially in the upstream events such as sensing 
the osmotic changes, remains to be determined. 

Schizosaccharomyces Pombe 
All unicellular fungi are called yeasts. However, unicellularity is not a profound trait; 
fission yeasts and budding yeasts apparently separated very early in evolution. 
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Among their many differences, they differ in cell shape and wall compositions. 
Treatment of the fission yeast, Schizosaccharomyces, pombe, with zymolyase causes 
protoplast protuberances to appear at the pointed end of the cell. These blebs can 
readily seal onto patch-clamp pipettes. The best documented ion channel from these 
blebs is a mechanosensitive channel (Zhou and Kung, 1992). Currents through one 
or two such channels and ensemble currents of tens of units have been recorded from 
excised patches and whole-blebs, respectively. Under suction, the open probability of 
these channels is biased by membrane voltage, both in activation and in adaptation. 
Like those inS. cerevisiae, these channels can be blocked by submillimolar gadolin
ium. However, the S. pombe channels are more conductive (180 pS) and more 
selective (PK+!Pc1- = 3.6) than theirS. cerevisiae cousins. In addition, depolarization 
inactivates the S. pombe channel while it activates the S. cerevisiae channel, during 
force application. There are also reports of activities of other ion channels in the S. 
pombe plasma membrane. Vacata, Hofer, Larson, and Lecar (1992) noted the 
activity of a voltage-gated poorly selective channel of four conductance levels, and 
Zhou and Kung (1992) intimated three types of voltage-activated channels besides 
the mechano-sensitive one in this membrane. More detailed reports are anticipated. 

Escherichia Coli 
Escherichia coli, like other Gram-negative bacteria, has two cell membranes sepa
rated by a peptidylglycan cell wall forming a complex collectively referred to as the 
cell envelope. The outer membrane is specialized, having an outer monolayer 
composed of lipopolysaccharides instead of the usual phospholipids. The inner 
membrane is the true cytoplasmic membrane that houses the machinery for electron 
transport, nutrient uptake, chemoreception, et cetera. 

Some lOS porin molecules constitute a major portion of the outer membrane of 
an E. coli cell. The major porins: OmpC, OmpF, and PhoE, are more than 70% 
homologous in their amino-acid sequences (Jeanteur, Lakey, and Pattus, 1991). 
Although trimeric, each - 30-kD porin monomer is an individual aqueous channel 
that can pass hydrophilic solutes up to 600 m.w. X-ray crystallography showed that 
each monomeric subunit consists of a 16-stranded antiparallel 13-barrel enclosing a 
pore (Cowan, Schermer, Rummel, Steiert, Ghosh, Pauptit, Jansonius, and Rosen
busch, 1992). A loop between 13 strand 6 and 7 folds into the pore, constricting the 
pore at about half the height of the barrel to 7 x 11 A in an elliptical cross section. 
This constriction apparently defines the conductance and selectivity of porin. Bio
chemical studies led to the view that the outer membrane acts as an inert molecular 
sieve with porins being the static pores (Benz, 1988; Nikaido, 1992). Such a sieve 
should have little electric resistance. Yet, the surfaces of giant spheroplasts or giant 
cells of E. coli (Buechner, Delcour, Martinac, Adler, and Kung, 1990; Saimi et al., 
1992) can form gigaohm seals with patch-clamp pipettes (Martinac et al., 1987; 
Kubalski, Martinac, Adler, and Kung, 1993; Sukharev et al., 1993) indicating that the 
porins in the patch are closed. Either porins are dynamic and are often closed but 
openable in vivo, or the patch-clamp manipulation induces porin closure. Studies in 
planar bilayers or with reconstituted liposomes under patch clamp showed that 
porins can be closed by membrane polarization (Schindler and Rosenbusch, 1978; 
Morgan, Lansdale, and Adler, 1990; Berrier et al., 1991). Delcour et al. (1989b, 1991) 
found the activities of wild-type or a point-mutant OmpC to be closable by pipette 
voltage, when reconstituted in liposomes and examined under a patch clamp. 
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However, the activities of OmpC examined in this manner differ from those in planar 
bilayer for unknown reasons. Ascribing a physiological function to voltage gating of 
porins is difficult based on current knowledge. However, there is a Donnan potential 
across the outer membrane. If periplasmic charges are organized and are intimately 
associated with the inner monolayer of the outer membrane, the potential across this 
membrane, as experienced by porins, may be larger than can be estimated (Stock, 
Rauch, and Roseman, 1977). Major contributors to these charges are the membrane
derived oligosaccharides (MDO's) in the periplasm. Interestingly, Delcour, Marti
nac, Adler, and Kung (1992) showed recently that MDO not only reduces the OmpC 
currents but also promotes their cooperative closures. 

A suction delivered to a patch activates at least two types of channels in giant 
spheroplasts: a mechano-sensitive channel of a smaller conductance (MscS, - 1 nS, 
Martinac et al., 1987) and a mechano-sensitive channel of large conductance (MscL, 
-2.5 nS, Sukharev et al., 1993, 1994). By the standard of metazoan channels these 
are both channels of extraordinarily large conductances. Szabo, Petronilli, Guerra, 
and Zoratti (1990) reported E. coli mechanosensitive currents of many different size 
classes besides the two encountered by Sukharev et al. (1993, 1994). Differences in 
strains, procedures, and interpretations of channel substate behavior may account 
for some of the differences. 

Mild suction or pressure greatly increases the open probability of MscS in a 
manner predictable by a Boltzmann distributions, in which the applied mechanical 
energy partitions the channel between its open and closed conformations. An 
osmotic change in the solution bathing an inside-out patch can also activate this 
channel (Martinac et al., 1992). Membrane depolarization favors the open state. 
This channel has a conductance of - 1 nS, but visits substates of lower conductance. 
The dwell time in these substates is much longer in a mutant lacking the major 
lipoprotein (Kubalski et al., 1993).1t favors the passage of anions slightly over cations 
and its kinetic behavior is affected by the ionic species (Martinac et al., 1987). MscL 
is activated upon suctions higher than that needed to activate MscS. It also shows a 
much faster open/close kinetics than does MscS (Sukharev et al., 1993). 

E. coli mechanosensitive channels in membrane fragments have been reconsti
tuted into asolectin liposomes and found to retain the same functions observed in 
spheroplasts, including their ability to be activated by mild suction (Delcour, 
Martinac, Adler, and Kung, 1989a, Sukharev et al., 1993). This functional reconstitu
tion opens the way to a biochemical purification of the mechanosensitive channel 
proteins. Buechner et al. (1990) reported that mutants lacking individual porin 
species retain a full complement of mechanosensitive conductances, arguing against 
MscS and MscL being porins. Unlike channels gated by ligands or voltage, no 
mechanosensitive channel proteins or their corresponding genes had been identified 
until the recent report by Sukharev et al. (1994). These authors identified the MscL 
protein and sequenced the corresponding gene, mscL, that has no homology to any 
known channel genes. Because this is the first mechanosensitive channel gene to be 
cloned, much more work is needed to see how mechanosensitive channels are related 
in molecular terms. 

A biophysical approach has been taken to determine how force applied to the 
membrane is transduced to the channel protein. Cell membranes are asymmetric; 
the inner monolayers have more phospholipids with negatively charged head groups 
than do the outer mono layers (Rothman and Lenard, 1977). The outer membrane of 
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E. coli is even more asymmetric, because its outer monolayer is of an unusual 
composition. An amphipathic molecule is expected to partition differentially into the 
two monolayers because of this asymmetry. The uneven insertion of amphipaths 
leads to local membrane buckling, which is readily visible in blood cells, as predicted 
by the bilayer couple hypothesis (Sheetz and Singer, 1974). Such a perturbation is 
expected to create a mechanical stress force in the membrane. Martinac, Adler, and 
Kung (1990) showed that a variety of amphipaths indeed activate mechanosensitive 
channels of E. coli. Furthermore, the time courses and effectiveness in channel 
activation by different amphipaths correspond to their known solubilities into lipid. 
In the study of animal cells, it is believed that the gating force is transmitted to the 
mechanosensitive channels through the cytoskeleton (Sachs, 1988). The amphipath 
experiment and the reconstitution experiment in E. coli suggest that the channel 
responds to stress forces in the lipid bilayer instead. Indeed, Sukharev et al. (1993, 
1994) have shown that MscS and MscL can be solubilized in a detergent and 
reconstituted into liposomes of foreign lipids, yet retain their mechanosensitive
channel characteristics. Thus, bacterial channels appeared to be gated by tension 
transduced exclusively via the lipid bilayer. In E. coli, the outer membrane is 
anchored to the peptidylglycan (cell wall) which provides rigidity. Digestion of this 
peptidylglycan with lysozyme activates rather than inactivates the channel (Buechner 
et al., 1990; Martinac et al., 1992). It seems that peptidylglycan, the equivalent of 
cytoskeleton here, normally restrains the outer membrane, attenuating rather than 
transmitting the mechanical forces in the membrane (Martinac, 1992). Membrane 
deformation can also be induced by mutations. The most abundant protein in the 
outer membrane is the 7.2-kD lipoprotein which is embedded in the inner monolayer 
and does not protrude into the outer monolayer. This lipoprotein is also a major 
covalent link between the outer membrane and the peptidylglycan. Kubalski et al. 
(1993) showed that the outer membrane of a mutant lacking this major lipoprotein is 
much less able to transmit stretch forces to the mechanosensitive channel. A bulky 
amphipath (lysolecithin) but not smaller amphipaths can restore this ability. The 
forces in the bilayer that gate the channel resulting from the relative but simulta
neous expansion and compression of the two monolayers have been treated in a 
theoretical model by Markin and Martinac (1991). 

The location of the E. coli mechanosensitive channels remains controversial, 
however. Martinac and coworkers (1987, 1992; Buechner et al., 1990) argued that 
MscS is located in the outer membrane for several reasons. Giant spheroplasts have 
an outer membrane, visible by electron microscopy or immunofluorescent micros
copy. It seems unlikely that the patch-clamp pipette passes through the outer 
membrane and is then still able to seal onto the inner membrane. Digestion of 
excised inside-out patches with lysozyme added to the bath activates the channel. 
Should the channel be in the inner membrane, the peptidylglycan would have been 
facing the pipette side, inaccessible to lysozyme. Also, mutational deletion of 
lipoproteins that are clearly located in the outer membrane, strongly affects the 
behavior of these mechanosensitive channels, as described above (Kubalski et al., 
1993). Finally, recent patch-clamp experiments on protoplasts bounded only by the 
cytoplasmic membrane (Birdsell and Cota-Robles, 1967) revealed the activities of a 
new set of channels but not the activities of porins, MscS or MscL (Kubalski, 
Martinac, Adler, and Kung, 1992). On the other hand, Berrier, Coulombe, Houssin, 
and Ghazi (1989) observed mechanosensitive-channel activities in 50% of the 
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patches from liposomes incorporated with inner-membrane material but only 7% of 
the patches from those incorporated with outer-membrane material and concluded 
that the channel is localized in the inner membrane. However a perfect separation of 
inner and outer membranes by gradient centrifugation cannot be achieved (Osborn, 
Gander, Parisi, and Carson, 1972) and a direct comparison assumes the same 
efficiency of incorporation of different material into liposomes and the same degree 
of channel inactivation in the procedures. Berrier et al. (1989) found the mechano
sensitive channel(s) to be of different unit conductances ranging from 140 to 950 pS. 
Events of even higher conductance were observed, though rarely. The differences 
between the observations by Berrier et al. (1989) and Delcour et al. (1989a ), both 
made on reconstituted liposomes, have yet to be resolved. 

As early as the 1950's, it has been observed that hypotonic shock causes E. coli to 
jettison its smaller solutes and ions, while retaining its macromolecules (Britten and 
McClure, 1962). The pathway has not been identified, but it clearly has an exclusion 
limit. Berrier, Coulombe, Szabo, Zoratti, and Ghazi, (1992) showed that the loss of 
ATP, glutamate, and lactose and K+ from osmotically down-shocked cells could be 
reduced by gadolinium, an ion that also blocks the mechanosensitive channels that 
they maintain is located in the inner membrane. The authors concluded that this 
channel is the pathway for the controlled efflux of solutes upon hypo-osmotic shocks. 

Using gradient-fractionated inverted vesicles of E. coli plasma membrane fused 
to planar lipid bilayers Simon, Blobel, and Zimmerberg, (1989) detected a channel 
that has a conductance of 115 pS when bathed in 45 mM potassium glutamate. This 
channel prefers anions over cations and was more active upon negative voltages. The 
authors believe this to be a channel that conducts protein to the periplasm. 

Recently, Milkman (1994) discovered a gene in E. coli that corresponds to a 
protein similar to Shaker-type K+ channel in size and in hydropathy plot. The 
13-residue peptide that appears to line the pore (the HS region) shows 60-75% 
identity with corresponding regions in various eucaryotic Shaker-type K+ channels. 
The presence of this gene in 15 different wild-type E. coli strains suggest that it is 
functional, although its function has not yet been directly tested yet. If one can rule 
out importation of this gene from eucaryotes, this finding appears to establish the 
ancestry of channels with S 1-S6 and HS motif to procaryotes. 

Bacillus Subtilis 

Gram-positive bacteria have only one membrane, the cytoplasmic membrane. Mecha
nosensitive channels of large conductances have also been recorded from the 
membrane of Streptococcus faecalis (Zoratti and Petronilli, 1988) and Bacillus subtilis 
(Zoratti et al., 1990; Martinac et al., 1992). 

Conclusion 
The application of a variety of techniques has clearly shown that microbes, like other 
organisms, have ion channels. Although microbial ion channels have mostly been 
described in terms of the currents that they support, channel proteins and their 
corresponding genes have been identified for bacterial porins and mscL (the 
mechanosensitive channel of large conductance). A gene predicting protein struc
tures like the Shaker K+ channels has also been found in E. coli and several genes 
apparently corresponding to eag-like cation channels have been discovered in 
Paramecium. Because microbes are vastly more diverse than animals and plants, it is 
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not surprising that different types of channels are encountered in different microbial 
membranes. 

Interestingly, voltage-gated K+ specific channels seem to have evolved in all 
branches of eucaryotic organisms, including plants, animals, as well as a protist, a 
slime mold, and several fungi reviewed here. Voltage-gated, Ca2+-specific channels 
are found in Paramecium and Dictyostelium, but not in yeasts. Voltage-gated Na+ 
channels have not been encountered in microbes to date. Such Na+ channels might 
represent an evolutionary late modification of Ca2+ channels, to exploit only the 
electric and not the ionic effects. To date, there have been no reports of microbial 
channels directly gated by external ligands. This may not represent a lack of such 
channels in microbes but the difficulty in not knowing which, among the hundreds of 
possible ligands, should one present to the microbial surfaces. Gating by internal 
second messengers is exemplified by four types of Ca2+ gated channels in Parame
cium. Analyses show clearly that these channels are Ca2+ -calmodulin gated. This 
method of gating is apparently not limited to protists, as there are strong hints that it 
is also employed by higher animals. It would be interesting to see whether other types 
of channel activities first described in microbes, such as a Mg2+ -specific current and 
hyperpolarization-activated Ca2+ current, also have equivalents in higher forms. 

Channel gating by stretch force in the lipid bilayer appears to be an ancient 
invention. Mechanosensitive currents and/ or channels are found in Paramecium, 
yeasts, E. coli and other bacteria. This fact may also reflect the need of all microbes to 
deal with osmotic stress. The identification of the protein and the cloning of the gene 
corresponding to a mechanosensitive channel in E. coli heralds a deeper understand
ing of the molecular basis of mechanosensation. 
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Introduction 
Much effort in membrane biophysics and electrophysiology during the latter half of 
this century has been directed toward understanding the structure and function of 
membrane channel proteins. Exquisitely sensitive methods have been developed to 
measure currents that flow through a single channel and kinetics of conformational 
changes that open and close these channels. Unfortunately, little is known about the 
three-dimensional structure of membrane proteins because they are difficult to 
isolate and crystalize; porins from the outer membrane of gram negative bacteria are 
the only integral membrane channel structures that have been determined experimen
tally (Cowan, Schirmer, Rummel, Steiert, Ghost, Pauptit, Jansonius, and Rosen
busch, 1992; Weiss, Abele, Weckesser, Welte, Schiltz, and Schulz, 1991). Efforts to 
relate function to structure were stimulated in the 1980's by cloning and sequencing 
nucleic acids that code for channel proteins, by expressing these sequences in cells 
such as Xenopus oocytes, and by using sophisticated biophysical methods such as 
patch clamps to measure functional properties of both normal and mutated chan
nels. These experimental efforts for voltage-gated channels have been comple
mented by theoretical efforts to model the structure of ion channels. The experimen
tal and theoretical processes are iterative: initial experimental data are used to 
develop preliminary models, which are then tested experimentally and often modi
fied or refined on the basis of the new experimental results. Knowledge obtained by 
comparing homologous sequences has been pivotal in developing structural models 
of voltage-gated channels and in designing mutagenesis experiments to analyze their 
structure-function relationships. The primary goal of this manuscript is to review 
how this information is being used experimentally and theoretically. 

Models of Transmembrane Topology 
and Functional Mechanisms 
Our first steps in modeling a membrane protein are to predict which segments span 
the membrane, to predict the secondary structure of those segments, and to predict 
which segments of the protein form functionally important mechanisms or sites such 
as voltage sensors, activation gates, inactivation gates, ion selectivity filters, and drug 
or toxin binding sites (Durell and Guy, 1992). K+ channels are comprised of four 
identical or homologous subunits (MacKinnon, 1991); whereas, the pore-forming 
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portions of Na+ and Ca2+ channels are formed by a single polypeptide chain that 
contains four homologous repeats (Noda, Shimizu, Tanabe, Takai, Kayano, Ikeda, 
Takahashi, Nakayama, Kanaoka, Minamino, Kangawa, Matsuo, Raftery, Hirose, 
Notake, lnayama, Hayashida, Miyata, and Numa, 1984; Noda, Ikeda, Kayano, 
Suzuki, Takeshima, Kurasaki, Takahashi, and Numa, 1986; Tanabe, Takeshima, 
Mikami, Flockerzi, Takatiashi, Kangawa, Kojima, Matsuo, Hirose, and Numa, 1987), 
each of which is postulated to have a transmembrane topology similar to that 
illustrated in Fig. 1. Although the schematic in Fig. 1 is based on our more recent 
models of K+ channels (Durell and Guy, 1992), the general topology is almost the 
same that we proposed for each repeat of sodium channels (Guy and Seetharamulu, 
1986). Many features of our models were proposed originally by Numa's group who 
first determined the sequences. They postulated that each repeat has six transmem
brane segments, which they labeled S1-S6, that the positively charged S4 segment 
acts as the voltage sensor for activation gating (Noda et al., 1984; Noda et al., 1986), 
and that the segment linking homologous repeat III to IV forms the Na+ channel's 
inactivation gate (Noda et al., 1986). Our primary contribution was an unorthodox 
hypothesis that a sequentially short segment between S5 and S6, which we now call 
the P segment (also called SS1-SS2 and H5), forms a hairpin structure that 
transverses the outer part of the transmembrane region and that forms the ion 

Figure 1. Postulate transmembrane 
topology for one voltage-gated chan
nel subunit (K+ channel) or homolo
gous repeat (Na+ and Ca2+ chan
nels). Cylinders represent a. helices. 

selective portion of the pore. Although this model was entirely hypothetical when 
proposed, many of its features have been confirmed experimentally. There is now 
evidence that each of the putative extracellular loops of K + channels are exposed on 
the extracellular surface (Chua, Tytgat, Liman, and Hess, 1992; MacKinnon and 
Yellen, 1990; Shen, Chen, Boyer, and Pfaffinger, 1993), that the NH2- and COOH
terminal ends are on the cytoplasmic side of the membrane (Liman, Tytgat, and 
Hess, 1992; Zagotta, Hosti, and Aldrich, 1990), and that the central part of the P 
segment is accessible to tetraethylammonium (TEA) which enters and blocks the 
pore from the inside (Choi et al., 1993; Hartmann et al., 1991; Yellen et al., 1991). 

Fig. 2 is a schematic representation of our predictions (Guy, 1988; Guy and 
Seetharamulu, 1986) about which sequential segments of N a+ channel proteins form 
functional sites or mechanisms previously postulated by membrane biophysicists. 
Activation gating had been postulated to be triggered by movement of several 
charged "voltage sensors" through the membrane's electric field (Armstrong, 1981). 
The S4's were postulated to be the voltage sensors because they have an unusual 
pattern of positively charged residues at every third position separated by hydropho
bic residues. S4's were placed in the transmembrane region so they could respond to 
voltage changes. The activation gate had been postulated to occlude the cytoplasmic 
entrance of the pore when the channel closed and then to move out of the way when 
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it opens (Armstrong, 1981; Hille, 1977). The segments linking S4's to S5's were 
postulated to be the activation gate because they are linked to S4 and because they 
were located near the cytoplasmic channel entrance in the model. The channel's ion 
selective region or "selectivity filter" had been postulated to be a narrow negatively 
charged region near the pore's extracellular entrance (Armstrong, 1981; Hille, 1975). 
The P segments were postulated to form the selectivity filter because their negatively 
charged residues could balance some of the positively charged residues of S4 and 
because they could form a narrow region near the pore's extracellular entrance. 

GATE 

Figure 2. Early model postulating which segments of Na+ channel sequences form previously 
postulated mechanisms or binding sites. Postulated binding sites for tetrodotoxin (ITX), f.L 
conotoxin (J.LCTX), local anesthetics (LA), pancuronium (Pan), batrachotoxin (BTX), and a 
scorpion toxin (aScTX) are shown in black. Predictions that have been confirmed or supported 
experimentally are that the voltage sensors are formed by S4's, the inactivation gate by the 
segment linking repeat III to repeat IV, the selectivity filter by P's, and the TIX binding site by 
charged residues near the ends of the P's. Reproduced from Guy (1988). 

Tetrodotoxin (TTX) and saxitoxin (STX) had been postulated to block the extracel
lular entrance of Na+ channels and bind to negatively charged carboxyl groups 
(Hille, 1975). The COOH-terminal ends of the P segments were postulated to form 
these toxin binding sites because they have an appropriate charge and location in the 
model. The inactivation gate had been postulated to be a positively charged protein 
moiety that enters and blocks the intracellular entrance to the pore when the channel 
is in an open or activated conformation (Armstrong, 1981). The cytoplasmic segment 
linking homologous repeats III to IV was postulated to form the inactivation gate 
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because this positively charged segment is well conserved between eel and rat brain 
Na+ channels (Noda et al., 1986) and could be located near the cytoplasmic channel 
entrance in the models. 

The predictions that the P segments form the ion selective portion of the pore 
and binding sites for toxins have been verified for both Na+ and K+ channels. 
Mutations of the charged residues near the COOH-terminal ends of the Na+ 
channel's P segments alter channel conductance, selectivity, and blockade by TTX 
and STX as anticipated by the model (Noda et al., 1986; Pusch, Noda, and Conti, 
1991; Terlau, Heinemann, Stiihmer, Pusch, Conti, lmoto, and Numa, 1991). Muta
tions near the beginning and end of the P segment of K+ channels affect blockade of 
the pore from the outside by TEA and charybdotoxin (MacKinnon and Yellen, 
1990), mutations near the middle affect blockade of the pore from the inside by TEA 
(Choi et al., 1993, Hartmann et al., 1991; Yellen et al., 1991), and mutations of 
glycines in the latter part of P eliminate the selectivity of the pore (Heginbotham, Lu, 
Abramson, and Mackinnon, 1994). 

A strategy that has proven effective in analyzing P segments is to identify 
homologous proteins with known sequences that have different pore properties and 
then demonstrate that those properties can be transferred by mutating residues of 
the P segment of one protein to aligned residues of the other protein. One position of 
the alignment of P segments is occupied by glutamic acid in all four homologous 
repeats of the Ca2+ channel ex subunit; whereas, in the Na+ channel it is occupied by 
glutamic acid in repeat I, by aspartic acid in repeat II, by lysine in repeat III and by 
alanine in repeat IV. Heinemann, Terlau, Stiihmer, Imoto, and Numa (1992) showed 
that mutating the lysine and alanine to glutamic acid in Na+ channels created a 
channel with pore properties very similar to those of Ca2+ channels. Cardiac Na+ 
channels are much less sensitive to TTX than other Na+ channels and are blocked by 
Zn2+ at much lower concentrations. Cardiac channels have a cysteine at a position 
just preceding the COOH terminal of the P segment of repeat I; the analogous 
position is occupied by phenylalanine or tyrosine in most other Na+ channels. 
Mutating the phenylalanine or tyrosine to cysteine dramatically decreases blockade 
by TTX or STX and increases blockade by Zn2+; whereas, mutating the cardiac 
cysteine to phenylalanine or tyrosine has the opposite effect (Backx, Yue, Lawrence, 
Marban, and Tomaselli, 1992; Heinemann, Terlau, and Imoto, 1992; Satin, Kyler, 
Chen, Bell, Cribbs, Fozzard, and Rogart, 1992). The first part of the P segment of 
cation-selective cyclic nucleotide-gated channels is quite similar to the analogous 
sequence of K+ channels. However, the latter part of the P segment is very different 
in the two families; in fact, a deletion occurs in the latter portion of the cyclic 
nucleotide-gated channel P segment (Guy, Durell, Warmke, Drysdale, and Ganetzky, 
1991). Heginbotham, Abramson, and MacKinnon (1992) deleted a glycine and 
tyrosine in the Shaker K+ channel at the position of the apparent natural deletion 
and found that the properties of the mutated pore resembled those of the cyclic 
nucleotide channel; i.e., it was permeant to both Na+ and K+ and was blocked by 
relatively low concentrations of Ca2+. Stiihmer, Rupperberg, Schroter, Sakmann, 
Stocker, Giese, Perschke, Baumann, and Pangs (1989b) identified a series of rat K+ 
channels with very different affinities for extracellular blockade of the pore by TEA 
(TEA blocks K+ channels at two distinct sites, one accessible from the outside and 
one accessible from the inside). MacKinnon and Yellen (1990) showed that these 
binding affinities could be duplicated quite well by mutating a residue near the end of 
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the P segment in Shaker K+ channels from Drosophila to the residue at the 
corresponding position in the rat channels. Hartmann et al. (1991) identified two K+ 
channels, Drk1 and Ngk2, with different single channel conductances and different 
affinities for blockade by both intracellular and extracellular TEA. They then 
performed a chimera experiment in which the P segment and some adjacent residues 
of Drk1 were mutated into the Ngk2 sequence and the analogous segment of Ngk2 
was mutated into the Drk1 sequence. They found that all three properties of the pore 
of the Ngk2-Drk1(P) mutant were identical to those of the Drk1 channel, and 
likewise that all properties of the Drk1-Ngk2(P) chimera were identical to those of 
the Ngk2 channel. 

Our predictions concerning the activation and inactivation gating mechanisms 
have also been supported by mutagenesis experiments. Almost all mutations in S4's 
of Na+ and K+ channels alter activation gating and those that reduce the magnitude 
of the positive charge tend to reduce the voltage dependency of the gating (Papazian, 
Timpe, Jan, and Jan, 1991; Stiihmer, Conti, Suzuki, Wang, Noda, Yahagi, Kubo, and 
Numa, 1989a). Mutations and antibody binding to the segment linking repeats III 
and IV of Na+ channels alter inactivation (Papazian et al., 1991; Vassilev, Scheuer, 
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Figure 3. Sequences of P segments 
from distantly related K+ channels 
and a cyclic nucleotide-gated chan
nel. Sequences are from Tempel et al. 
(1987); Kaupp et al. (1989); Atkinson 
et al. (1991); Warmke et al. (1991); 
Anderson et al. (1992); Ho et al. 
(1993); Kubo et al. (1993); and Milk

man and McKane Bridges (1993). Segments are numbered beginning with the first proline and 
ending with the last proline in the Shaker P segment. Residues in bold occur in three or more 
sequences. 

and Catterall, 1988). Mutagenesis experiments have also identified an inactivation 
segment at the NHz-terminal of some K+ channels and have shown that peptides 
with the sequence of, or similar to, this segment can mimic inactivation by plugging 
the intracellular entrance of the pore (Zagotta et al., 1990). Remarkably, a peptide 
with the sequence of the putative Na+ inactivation gate can also mimic the effect of 
the K+ inactivation particle; i.e., it can restore inactivation to K+ channels that do not 
inactivate (Patton, West, Catterall, and Goldin, 1993), even though the K+ and Na+ 
inactivation segments exhibit no apparent homology. 

The hypothesis that the P segment forms the ion selective portion of the pore 
and spans only the outer portion of the membrane was contrary to the prevalently 
held view that, because the membrane lipid alkyl region is extremely hydrophobic, 
most transmembrane segments of integral membrane proteins are hydrophobic 
alpha helices that span the entire transmembrane region and that they are oriented 
approximately orthogonally to the plane of the membrane. In my view, this postulate 
is likely to be valid for membrane proteins, such as the photosynthetic reaction 
center and bacteriorhodopsin, in which all transmembrane segments are exposed to 
lipid and which do not have water-filled pores. It is not true for porins, for which the 
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transmembrane segments are beta strands, many of which have polar side chains that 
extend into the large water-filled pore (Cowan et al., 1992; Weiss et al., 1991). For 
voltage-gated and homologous channels, the hydrophobic helix hypothesis is likely to 
be valid for the faces of those helices that are in contact with lipid; however, these 
large proteins probably have additional transmembrane or partially transmembrane 
segments that have no contact with lipid and that are partially exposed to water. The 
physio-chemical constraints for these segments may be similar to those of segments 
in soluble proteins because their residues are involved only in protein-protein and 
protein-water interactions. If this supposition is correct, segments that form the 
narrowest part of the pore need not span the entire membrane, they need not be 
orthogonal to the plane of the membrane, they need not be comprised almost 
exclusively of hydrophobic residues, and they need not have regular secondary 
structures such as alpha helices or beta strands. The difficulty with this view in 
modeling membrane protein structures is that it is very difficult to distinguish on the 
basis of a single sequence alone whether a particular segment forms part of the 
central core of the transmembrane portion of the protein or is part of an extracellular 
or intracellular domain. Our initial model, thus, was not based on an objective 
method to distinguish between these possibilities, but rather was based on a 
subjective effort to construct a structure that contained most of the functional 
features that had been proposed previously for Na+ channels. The initial model was 
based upon a single sequence. Had we had the sequence information that is now 
available, our task would have been much easier and the model would have been 
much more compelling. To identify the ion selective region one simply needs to align 
all the homologous sequences and then identify the segment that is conserved best 
among the channels that have the same ion selectivity but that is poorly conserved 
when sequences of channels with different ion selectivities are compared. Thus, 
information obtained by comparing homologous membrane proteins may prove 
valuable in identifying functionally important portions of proteins that have 
"unorthodox" transmembrane topologies. 

Using Homology in Developing Three-dimensional 
Molecular Models 
When the models described above were first proposed, many scientists thought that 
subjective unorthodox structural models were unlikely to be of value and that results 
of mutagenesis experiments in the absence of detailed structure would not be 
interpretable. These fears have proved groundless. Mutagenesis experiments have 
been very effective in verifying many features of voltage-gated channel models, and 
the models have been valuable in designing the mutagenesis experiments. The 
unresolved issues now deal more with precision than with validity. It is one thing to 
accurately predict the transmembrane topology of a protein or to predict which 
segments will be involved in a particular process and to use mutagenesis experiments 
to test these predictions; it is quite another to accurately predict the precise positions 
of all the atoms of a large protein in its different conformations, to predict precisely 
how these atoms interact with those of drugs and toxins that affect the channels, to 
predict exactly how the atoms determine which ions pass through the pore and how 
fast they can do so, and to use mutagenesis experiments to test these predictions. It 
seems unlikely that it will be possible soon to combine results of mutagenesis 
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experiments with molecular modeling to determine three-dimensional structures of 
voltage-gated channels with the precision and certainty that would be obtained from 
a high resolutions crystal structure. Nonetheless, these less precise methods should 
be continued because: (a) it is not clear if and when crystal structures of these 
channels will be solved; (b) it should be possible to use mutagenesis experiments and 
molecular modeling to improve our knowledge of these proteins, perhaps to the 
point that rational drug design can be used for some specific sites on the protein; (c) 
the knowledge gained through these experiments may help in isolating and crystalliz
ing the proteins in a stable_ functional conformation; and (d) once a static crystal 
structure is determined, the mutagenesis results and molecular modeling techniques 
developed in this effort may help in understanding the protein's dynamic functional 
mechanisms and may help in modeling the structure of many homologous proteins 
from one or a few experimentally determined structures. 

Figure 4. Schematic representation for how the best conserved residues among distantly 
related proteins tend to cluster together around functionally important sites and tend to be 
surrounded by successive layers of less well conserved residues in (A) water soluble proteins 
and (B) in ion channels. 

In developing three-dimensional models of large integral membrane proteins 
such as the voltage-gated channels, we attempt to satisfy a series of criteria, e.g., we 
attempt to optimize residue-residue, residue-water, and residue-lipid interactions 
based on the physiochemical properties of the residues, we use helix packing theory 
if the transmembrane segments appear to be helical and theories about beta sheets 
and/or beta barrels if they appear to be beta strands, and we attempt to make our 
models consistent with available structural and/or functional data. Unfortunately, 
these criteria, which have been review elsewhere (Durell and Guy, 1992; Guy, 1988, 
1990; Guy and Conti, 1990), are typically insufficient to develop a unique model of 
the protein's general folding pattern. 

Additional information can be obtained by comparing homologous sequences 
that are different evolutionary distances apart and for which different functional 
features have either been conserved or altered. Fig. 4 illustrates some of the basic 
concepts that we use in developing models based on the extent of conservation for 
each position in an alignment of a protein superfamily that share a common 
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functional property. In this analysis, we assume that the most highly conserved 
residues will cluster together at a functional site or sites shared by all members of the 
superfamily. Furthermore, the extent to which residues are conserved will decrease 
as a function of distance from the active sites and will increase as a function of 
distance into the protein's core form its surface. These concepts appear valid for both 
soluble and membrane proteins. In the globin superfamily and proteins homologous 
to bacteriorhodopsin, the best conserved residues cluster around the functionally 
essential heme or retinal group, the least well conserved residues are on the proteins 
surface that is furtherest from the active site, and most insertions and deletions are in 
the loop regions between alpha helices or at the beginnings and ends of the helices 
(personal observation, see Fig. 5). Although three-dimensional structures are not 
known for voltage-gated channels or protein's homologous to them, analyses of their 
sequences suggests that the same types of evolutionary phenomena occur. K+ 
channels represent an ancient and highly diversified superfamily of membrane 
channels from which nonselective cyclic nucleotide-gated and voltage-gated Ca2+ 
channels have evolved (voltage-gated Na+ channels evolved from Ca2+ channels). 
Many sequences are now known for K + channels; these include voltage-gated, 
calcium-activated, plant, bacterial, and Mg2+ -blocked inward rectifying channels. 
Comparisons of the distantly related families of K+ channels indicate that the P 
segments are the best conserved. In fact, they are the only segments that can be 
aligned reliably; the inward rectifying channels that are blocked by Mg2+ have no 
segments homologous to S1-S4, and comparisons of alignments of S1-S6 (excluding 
P) between the other families reveal no two consecutive residues that are identical. 
In addition to assisting in identifying the ion selective portion of the pore, sequence 
comparisons may aid in modeling its three dimensional structure. When sequences 
of voltage-gated and calcium-activated K+ channels are compared, no residues are 
identical in the first and last part of P, whereas, 9 out of 10 residues are identical in 
segment P9-P18 (see numbering nomenclature in Fig. 3). This pattern suggests that 
P9-P18 is the most important part of P for ion selectivity, however, it provides little 
information about how this segment may fold. Comparison of more distantly related 
sequences is useful in this respect. In this segment the Mg2+ -blocked inward 
rectifying channels (e.g., ROMK1) have only five residues (two threonines and then a 
Gly-Tyr-Gly segment) that are identical to those of voltage- and calcium-gated K+ 
channels. Some of the differences are very non conservative substitutions; hydropho
bic Vp9, MPll> and MP19 or VP19 are replaced by hydrophilic Glu, Gin, and Arg 
residues and the negatively charged Op18 is replaced by a hydrophobic Phe residue in 
ROMKl. The two threonines are conserved in nonselective cyclic nucleotide-gated 
channels as well, which suggests that they are conserved for reasons unrelated to ion 
selectivity. Also the two threonines and tyrosine are replaced by serine, cystine, and 
phenylalanine in Eag K + channel, leaving the two glycines as the only residues that 
are identical in all sequences. These results suggests that the two glycines may be the 
most important residues in determining the channels selectivity forK+. This supposi
tion has been supported by mutagenesis experiments. Heginbotham et al. (1994) 
mutated every position of the highly conserved portion of the Shaker P segment (one 
substitution at a time) and found that, with the exception of the two glycines, every 
position can be mutated without substantially altering the channel's selectivity forK+ 
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Figure 5. Illustration of the distributions of residues in bacteriorhodopsin according to how 
well they are conserved among bacteriorhodopsin and eleven of its homologues. (A) 
Cross-section parallel to the membrane. (B-F) Side views illustrating the "layering" of 
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over Na+; however, almost any substitution at either Gly position makes the pore 
relatively nonselective among cations. 

These findings have important implications about the structure of the ion 
selective portion of the pore. The mutagenesis results suggest that no side chain is 
essential forK+ selectivity and that the highly conserved glycines are involved. If so, 
then K + selectivity may be due to interactions with backbone carbonyl groups in the 
highly conserved portion of the P segments. Circular dichroism experiments on 
peptides with the sequences of the Shaker P segment indicate that in apolar solvents 
the first part of P has an alpha helical conformation, whereas the latter part, that 
includes the highly conserved glycines, has a disordered conformation (Peled and 
Shai, 1993). In soluble proteins, the most highly conserved glycines tend to be buried 
in the protein and have backbone conformations that are energetically unfavorable 
for other residues (Overington, Donnelly, Johnson, Sali, and Blundell, 1992). If this 
is true forK+ channels, then the portion of the pore that determines ion selectivity 
does not have a regular alpha helical or beta strand conformation. These findings and 
suppositions have led us to develop models in which the first and last parts of P form 
short alpha helices that are connected by the best conserved part of P which has a 
more random conformation. The major difficulty with these models is that glycines 
which are not part of an alpha helix or beta strand introduce a great deal of 
conformational freedom into the structure, and it has proven difficult to identify a 
unique structure that best satisfies the experimental results and our modeling 
criteria. One of these models is illustrated in Fig. 6. In these models, backbone amide 
oxygens of the conserved glycines are postulated to interact with K+ ions to form the 
ion selective portion of the pore. K+ channels possess several, perhaps four, K+ 
binding sites in their pore (Neyton and Miller, 1988). One way that these sites could 
be formed by the backbone carbonyl oxygens of only a few residues per subunit is 
illustrated in Fig. 6 e. 

The models have also been influenced by results of mutagenesis experiments on 
blockade of the pore by TEA at both the extracellular and intracellular entrances of 
the narrow portions of the pore. Results of these experiments are illustrated in Fig. 6 
d. The model was constructed so that the green residues, where mutations affect 
blockade by extracellular TEA (De Biasi et a!., 1994; Hartmann et a!., 1991; 
MacKinnon and Yellen, 1990), are accessible from the outside and so that the cyan 
residues, where mutations alter blockade by TEA from the inside (Choi et al., 1993; 
Hartmann et a!., 1991; Yellen et a!., 1991), are accessible from the inside. P20 
residues from the four subunits were positioned near the extracellular entrance so 
that when tyrosine or phenylalanine are present, their aromatic groups can form 
much of the TEA binding site (Heginbotham and MacKinnon, 1993). The mutation 
(DeBiasi et al., 1994) of residue P9 to histidine is especially interesting because it 
alters blockade by extracellular TEA, pH, zinc, and histidine reagents even though it 
is near the middle of the P segment and only two residues away from the first position 
where mutations alter the blockade by intracellular TEA. This result supports our 
contention (Durell and Guy, 1992; Guy, 1988, 1990; Guy and Conti, 1990; Guy and 

less well conserved residues around the conserved core. Color code: green = retinal group, 
yellow = no substitutions, orange = one substitution, red = two substitutions, magenta = 
three substitutions, blue = four or more substitutions. Coordinates obtained from Protein 
Data Bank, model in Henderson et al. (1990). 
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Figure 6. Models of Shaker K+ channel P segments. (A) Monomer. View is from inside the 
channel looking toward the lipid, top is outside the cell. Black tubes are backbones of a 
helices; white tubes are random coil backbone. Side chain color code: gray = alkyl carbons, 
purple = aromatic carbons, pink = uncharged oxygens, red = negatively charged oxygens, 
light blue = uncharged nitrogens, yellow = sulfurs. (B) Assembly of four P segments to form 
outer vestibule and ion selective region of the channel; view form outside the cell. (C) 
Cross-section of outer vestibule and ion selective region showing two P segments. View is the 
same as inA except monomers are rotated by 90° about the pore's axis. Residues are colored 
coded as in Fig. 5 according to how well they are conserved among distantly related K+ 
channels. (D) Side view of P segments illustrating residues where mutations alter TEA binding 
from outside (MacKinnon and Yellen, 1990; Hartmann et al., 1991; DeBiasi et at., 1993) 
(green) and inside (Yellen et al., 1991; Hartmann et al., 1991; and Choi et al., 1993) (cyan) the 
cell. (E) Side view of putative random coil segment illustrating how several K+ binding sites 
may be formed by only a few residues. All backbone atoms are shown. Color code: cyan = 
potassium ions, pink = uncharged oxygens of backbone or side chain, red = negatively 
charged side chain oxygens, light blue = uncharged nitrogens, red dashed lines = salt bridges, 
black dashed lines = hydrogen bonds. The lining may be quite flexible and have this 
conformations only when a K+ is at each site. 
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Seetharamulu, 1986) that the P segments do not span the entire transmembrane 
region, but rather form a narrow ion selective region in the outer half of the 
transmembrane region, and that a larger pore is formed through the inner half of the 
transmembrane region by other segments. 

Comparisons of voltage-gated K+ channel sequences reveal that most insertions 
and deletions occur in putative loop regions between helices and in the NHz- and 
COOH-terminal segments that precede S1 and follow S6. The putative transmem
brane S1-S3 helices exhibit a pattern of "unilateral conservation" in which the more 
hydrophobic helical face is poorly conserved and the opposite, more polar face, is 
well conserved (Guy, 1988). The presence of this type of pattern has been inter
preted as indicative of a transmembrane alpha helix that is positioned with its poorly 
conserved hydrophobic face in contact with lipid and its more polar well conserved 
face in contact with other protein segments or forming part of the pore's lining (Guy, 
1988, 1990; Rees, DeAntonio, and Eisenberg, 1989). These unilateral conservation 
patterns may thus be used in three-dimensional modeling in much the same way that 
one uses the edge pieces of a jigsaw puzzle; i.e., they allow one to identify the surface 
segments and orient these segments relative to the lipid-protein interface. In our 
tentative models that include all transmembrane segments, there are three concen
tric layers of proteins around the axis of the pore; S1-S3 and to a lesser extent S5 
form the outer layer, S4 and S6 form the next layer, and for the extracellular half of 
the transmembrane region the P segments form the inner layer. In modeling Mg2+ 
blocked inward rectifying channels the outer layer is formed by two helices from each 
subunit that are probably homologous to S5 and S6 of the other channel proteins and 
the inner layers are formed by the P segments. 

The relationship described above between the extent of sequence conservation 
and the spacial distribution of residues is valid only for proteins that share a common 
function which is localized to a specific region of the protein; e.g., ion selectivity (K+ 
channels), light absorbtion (bacteriorhodopsin), or oxygen binding (globins). Al
though voltage-gated K+ channels are more closely related to voltage-gated Na+ and 
Ca2+ than they are to some other K + channel families, the P regions are poorly 
conserved when K+ channel sequences are compared to those of Na+ and Ca2+ 
channels. Likewise; plant and Eag K+ channels are more closely related to cation
selective cyclic nucleotide-gated channels than to some other types of K+ channels. 
In this case, the first part of P, which in our more recent models forms an alpha helix, 
is well conserved between the K+ and cyclic nucleotide-gated channels, whereas 
there is a deletion of one or two residues and no sequence identity in the latter 
portion, which is postulated to determine selectivity. 

The information obtained by comparing distantly related sequences in the 
approach described above relies primarily upon identifying those positions that are 
well conserved in the multiple sequence alignment. Additional information for 
three-dimensional modeling can be obtained by comparing interactions between 
residues that are not well conserved. A basic assumption of this approach is that the 
general folding pattern is essentially the same for those portions of the proteins that 
can be aligned unambiguously and that do not have insertions and deletions in the 
alignment. In developing the models, we attempt to optimize favorable residue
residue interactions (e.g., disulfide bridges, salt bridges, hydrogen bonds between 
side chains, aromatic-aromatic interactions), residue-water interactions (polar side 
chains on the water accessible surface), and residue-lipid interaction (hydrophobic 
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residues exposed to the alkyl chain portion of the membrane, positively charged 
residues at the cytoplasmic lipid head group region, aromatic side chains at the 
extracellular head group region). These interactions should be satisfied equally well 
for portions of all homologous proteins that have the same general folding patterns. 
Thus, we favor models for which this postulate is valid. Compensatory substitutions 
may be especially informative in this regard; e.g., a hydrophobic-hydrophobic 
interaction in one protein may be replaced by a salt-bridge interaction in an 
homologous protein. 

Summary 
Molecular modeling and mutagenesis analysis of voltage-gated channels have suc
ceeded in identifying much of the topology of the proteins and in identifying which 
sequential segments are involved in functional mechanisms such as activation gating, 
inactivation gating, ion selectivity, and ligand binding. Efforts are currently underway 
to use these methods to model the protein structure and functional mechanisms 
more precisely. The experimental and theoretical efforts are dependent to a consid
erable extent upon information obtained by comparing homologous sequences. 
Although the fine details of models developed in this manner are unlikely to be as 
correct as models developed from x-ray crystallography and NMR, they still may 
contribute substantially to our understanding of the structure and function of these 
important proteins. 
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Summary 
Cnidarians and ciliate protozoans represent evolutionary interesting phylogenetic 
groups for the study of K+ channel evolution. Cnidaria is a primitive metazoan 
phylum consisting of simple diploblast organisms which have few tissue types such as 
jellyfish, hydra, sea anemones, and corals. Their divergence from the rest of the 
metazoan line may predate the radiation of the major triploblast phyla by several 
hundred million years (Morris, 1993). Cnidarians are the most primitive metazoans 
to have an organized nervous system. Thus, comparing K + channels cloned from 
cnidarians to those cloned from more advanced metazoans may reveal which types of 
K+ channel are most fundamental to electrical excitability in the nervous system. In 
contrast, channels in ciliate protozoans such as Paramecium may not have been 
designed to send electrical signals between cells, but simply to control the behavior, 
such as an avoidance reaction, of a single cell. Hence, comparing cloned Paramecium 
K+ channels to K+ channels cloned from cnidarians and other metazoans may reveal 
which types of K+ channel are most fundamental to electrical excitability in eukary
otes, and which K + channels are specialized for neuronal signaling. 

Potassium channels are involved in a diversity of tasks and are universally 
present in eukaryotes. K + channels set the resting membrane potentials of most 
metazoan and protozoan cells and are fundamental components of membrane 
electrical activity in virtually all eukaryotic systems. These channels control the 
shape, duration and frequency of metazoan action potentials and are known to 
participate in the action potentials of protozoans, fungi and plants as well (Hille, 
1992). Voltage-clamp recordings have shown that a various assortment of voltage
gated K+ channels as well as Ca2+-activated K+ channels are widespread in eukary
otes (Hille, 1992). Thus, K+ channels appear to be crucial to behavioral responses in 
all classes of eukaryotes, including locomotion in metazoans and protozoans, and 
rapid growth responses and cell shape changes in plants. 

K+ channel diversity is by far the greatest in metazoans, which have made a 
strong commitment to electrically excitable cellular networks. There is an apparent 
need for a great diversity of K+ channel subtypes in these metazoans. Over 50 K+ 
channel sequences from many distinct gene families have been reported so far, and 
all but two (both from plants) have been found in triploblast metazoans. The 
complex needs of neuronal integration and neuromuscular transmission in triplo
blasts require exquisite control of cellular excitability. This is in large part achieved 
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by an extensive and diverse set of K+ channels. The two closely related plant K+ 
channels,AKTJ and KATJ (Anderson, Huprikar, Kochian, Lucas, and Gaber, 1992; 
Sentenac, Bonneaud, Minet, Lacroute, Salmon, Gaymard, and Grignon, 1992), share 
only the most basic structural features with triploblast K+ channels, a likely conse
quence of the very different roles K+ channels may play in plants. 

The molecular basis of K+ currents in the more primitive diploblast metazoans 
including such animals as jellyfish (which have simple nervous systems) and in the 
electrically excitable single cells of the protozoan groups, has remained a mystery. 
Will the most primitive metazoans share K+ channel types with the triploblast 
metazoans, reflecting a set of excitable molecules universal to all metazoan life 
forms? Will the most metazoans share K+ channel types with protozoans, reflecting a 
common origin of electrical excitability? Discovering the molecular identity of K + 
channels in these organisms may help us relate the emergence of specific K+ channel 
types to key points in the evolution of electrical excitability. To this end, we have 
studied the evolutionary origins of voltage-gated K+ channels by isolating K+ channel 
genes in the diploblast cnidarians (jellyfish) and ciliate protozoans (Paramecium). 
What follows is a brief description of the diversity of triploblast voltage-gated K+ 
channels and their position within the larger family of K+ channel genes, followed by 
a description of the K + channels that we have found in jellyfish and Paramecium and 
a discussion of what these findings might be telling us about the evolution of 
voltage-gated K+ channels. 

Voltage-gated K+ Channels in Higher Metazoa: Shaker, Shah, Shal, and 
Shaw 

Molecular studies have shown that an extended gene family is responsible for much 
of the biophysical diversity of voltage-gated K+ channels in triploblast metazoans. 
Four structurally related subfamilies of voltage-gated K+ channels (Shaker, Shab, 
Shal, and Shaw) were originally isolated as single genes in Drosophila (Butler, Wei, 
Baker, and Salkoff, 1989). Shaker and Shal encode transient A-type K+ currents that 
differ in voltage-sensitivity and kinetics, whereas Shab and Shaw encode delayed 
rectifier K+ currents that also differ in biophysical properties (Fig. 1). Each of these 
four Drosophila K+ channel genes is represented by a multiple gene subfamily in Mus 
(Fig. 2). The Shab and Shal subfamilies share the greatest level of sequence and 
functional conservation between Drosophila and Mus, whereas the Shaker and Shaw 
subfamilies show relatively more variability in their biophysical properties (Salkoff, 
Baker, Butler, Covarrubias, Pak, and Wei, 1992). Shaker, Shaw, and Shab homologs 
have also been found in Aplysia (Pfaffinger, Furukawa, Zhao, Dugan, and Kandel, 
1991; Zhao and Kandel, 1991), a Shaker homolog has been found in Annelids 
(Johansen, Wei, Salkoff, and Johansen, 1990) and a Shaw homolog has been found in 
C. elegans (Wei, Jegla, and Salkoff, 1991). These genes represent distinct lineages 
that must have evolved from a common ancestral gene before the divergence of the 
major triploblast metazoan groups (Salkoff et al., 1992). Shaker, Shab, Shal, and 
Shaw genes may have been conserved amongst these diverse triploblast metazoans to 
serve shared essential functions, such as action potential repolarization and the 
generation of patterned neuronal output. Shaker, Shab, Shal, and Shaw may repre
sent an essential set of voltage-gated K + channels necessary for electrical signaling in 
neuromuscular systems and for neuronal integration. Thus, exploring the phyloge
netic distribution (and therefore evolution) of these voltage-gated K+ channel 



Molecular Evolution of K+ Channels 

A Shaker Shal 

L ~nA 
200 ms 

0.8 

~ 0.6 

s 0.4 

0.2 

0.0 +--+--+----l'-i--t--1-
-110 -90 -70 -50 -30 -10 

Prepulse potential (mV) 

Shab Shaw 

§~ 
,_2:~ 
Cl:l -40 
0 • 
a. -60 

~ -80 

! ·100 
a: 1 10 100 

[K+], (mM) 

215 

Figure 1. Channels encoded by 
Shaker, Shal, Shah, and Shaw 
express currents that cover a 
wide range of biophysical prop
erties. (A) Outward currents 
recorded in response to voltage 
steps ranging from -80 to +20 
m V in 20-m V steps from a 
holding potential of -90 mV. 
Records were leak subtracted 
assuming a linear leak current. 
(B) Comparison of (left) steady 
state inactivation and (right) re
versal potentials for Shaker, 
Shal, Shah, and Shaw currents. 
(Wei et al., 1990; Salkoff et al., 
1992). 

subfamilies in primitive metazoans and other electrically excitable eukaryotes is 
valuable in understanding their roles in membrane excitability. 

Voltage-gated K+ Channels Are Part of a Large Ion Channel Gene Family 
The extended family of voltage-gated K+ channels includes other ion channel genes 
which have a similar structural motif. Shaker, Shah, Shal, and Shaw channels share a 
structural motif that includes six transmembrane domains, Sl-S6 (Fig. 3). Each 
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Figure 2. Conservation of voltage gated K+ channels. Shaker, Shal, Shah, and Shaw each 
represent a separate conserved gene subfamily. Numbers represent percentage of identity in 
the membrane-spanning regions S1-S6. The pairwise comparison of the proteins encoded by 
the Drosophila Shaker, Shal, Shah, and Shaw genes (designated by the prefix f) shows that 
percentage identity between them averages 40%. However, comparison of each of the 
Drosophila channel proteins with its mammalian homolog (designated by the prefix m) reveals 
a much higher level of identity. The mammalian K+ channels within each subfamily share high 
identity, averaging greater than 70%. As in Drosophila, a comparison of mammalian K+ 
channels between subfamilies shows an identity of -40%. (Salkoff et al., 1992). 
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contains a string of positive charges in the S4 region that serves as the channel's 
voltage sensor (Papazian, Timple, Jan, and Jan, 1991; Liman, Hess, Weaver, and 
Koren, 1991; Logothetis, Kammen, Lindpainter, Bisbas, and Nadal-Ginard, 1993) 
and a highly conserved membrane-embedded loop between S5 and S6 which forms 
the highly K+ selective pore of the ion channel (Hartmann, Kirsch, Drewe, Tagliala
tella, Joho, and Brown, 1991; Yool and Schwarz, 1991; Yellen, Jurman, Abramson, 
and MacKinnon, 1991). Ca2+-activated K+ channels from Drosophila (Slo; Atkinson, 
Robertson, and Ganetzky, 1991) and Mus (mSlo; Butler et al., 1993) and the two 
hyperpolarization-dependent K+ channels from plants also share this structural 
motif. Additionally, cation-selective cyclic nucleotide-gated channels from the bo
vine retina (Kaupp et al., 1989) and catfish olfactory organ (Goulding, Ngai, Kramer, 
Calicos, Axel, Sugelbaum, and Chess, 1992) contain the six transmembrane domain 
motif, but show key differences in the ion-selective pore region. This extended family 
ofK+ channel genes shares a common evolutionary origin with the voltage-gated Na+ 
and Ca2+ channel gene families. Voltage-gated Na+ and Ca2+ channels contain four 
tandem repeats of the S 1-S6 motif found the K + channel gene family. These new 
channel structures presumably arose from two intragenic duplications of the S1-S6 

A 

Outside 

Inside 

B c Figure 3. Topology of three 
classes of K+ channel. (A) The 
structure of the voltage-gated 
K+ channels Shaker, Shab, Shal, 
and Shaw consists of six trans
membrane domains (Sl to S6) 
with two features of particular 

interest: a string of positive charges in S4 which likely forms the channel's voltage sensor 
(marked with a +) and a membrane-embedded loop between S5 and S6 which forms the 
K+ -selective pore of the channel (marked with a-). (B) A second family of inward rectifying 
K+ channels (ROMKJ, IRKJ, and GIRKJ) contains only two transmembrane domains 
surrounding the pore loop. (C) The minK K+ channel consists of only a single transmembrane 
domain. 

motif in an ancestral gene (Hille, 1992). Evidence suggests that members of the K+ 
channel gene family function as tetramers (Agnew, 1988; Timpe, Schwarz, Tempel, 
Papazian, Jan, and Jan, 1988) and that voltage-gated Na+ and Ca2+ channels 
function as "pseudotetramers," a name denoting the fact that the four linked 
homologous domains of these channels are similar but not identical (Noda et al., 
1984). In all cases, the functional channels contain 24 membrane spanning domains. 

Other K+ Channel Genes 

The complete diversity of K+ channels is not explained by the previously mentioned 
K+ channel genes. A second family consisting of three inwardly rectifying K+ 
channels from Mus, called /RKJ (Kubo et al., 1993a), ROMKJ (Ho et al., 1993) and 
GIRK1 (which is G-protein-coupled, Kubo, Baldwin, Jan, and Jan, 1993b) does not 
contain the S1-S6 motif. These three genes show strong homology to the voltage
gated K + channels in the K +-selective pore region, but lack an S4 voltage sensor and 
contain only two transmembrane domains (Fig. 3). IRKJ, ROMKJ, and GIRKJ show 
little or no intrinsic voltage sensitivity which is not surprising in channels lacking an 
S4 voltage sensor. A third type of mammalian K+ channel characterized by a single 
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transmembrane domain, minK, was originally cloned from rat (Takumi, Onkubu, and 
Nakanishi, 1988). MinK appears to encode a very slow voltage-gated K+ current. 
Although these two classes of K+ channels have so far only been reported in 
mammals, they too may represent gene families conserved in other triploblast 
metazoans. 

Cnidarians and Ciliate Protozoans Represent Evolutionarily Interesting 
Phylogenetic Groups for the Study of K+ Channel Evolution 

It is likely that much of the molecular evolution of neurons occurred in simple 
diploblast cnidarians such as the jellyfish. As the most primitive metazoans to contain 
nervous systems, cnidarians must contain the basic set of molecules that allow for the 
production and function of an electrically excitable neuronal network. Many of the 
voltage-gated K + channel current types characterized in higher metazoans have in 
fact been observed in cnidarians by physiological techniques (Anderson, 1989). Any 
K+ channels conserved between cnidarians and higher metazoans are likely to be 
essential to electrical signaling in all metazoans. 

Ciliate protozoans are unicellular organisms that use membrane excitation to 
control swimming behavior and are only distantly related to metazoans. Ciliates 
represent a very early branch point in the evolution of eukaryotes that predates the 
advent of multicellularity (Wainright, Hinkle, Sogin, and Stickel, 1993): Many even 
have a unique genetic code (Hanyu, Kuchino, Nishimura, and Beier, 1986; King, 
Maley, Ling, Kanabrocki, and Kung, 1991). Physiological analysis of the ciliate 
protozoan Paramecium tetraurelia has revealed that its action potentials are both 
Ca2+ and Na+ dependent, and that it has a broad array of K+ currents (Saimi and 
Kung, 1987). Two of these K+ currents are gated by calmodulin (Preston, Saimi, 
Amberger, and Kung, 1990) and have not been observed in other phylogenetic 
groups. Mutant analysis has shown that these K + currents are critical for producing 
proper swimming patterns in Paramecium (Preston et al., 1990). Ciliates contain all 
the K+ channels necessary to allow a single cell to use membrane excitation to 
convert environmental stimuli into quick behavioural responses. However, they will 
lack any K+ channels specifically designed to control electrical transmission between 
cells. 

Because of their interesting positions in evolution and the physiological evi
dence for voltage-gated K + channels in each, we decided to use cnidarians and 
Paramecium as model organisms for studying the evolutionary origins of the voltage
gated K+ channel gene subfamilies conserved in triploblast metazoans, Shaker, Shal, 
Shah, and Shaw. We reasoned that we should find homologs of these channels in 
cnidarians if, indeed, they are fundamental to electrical signaling in nervous systems, 
and that we might also find homologs in Paramecium if these channels are fundamen
tal to membrane excitability. 

Diploblasts and Triploblasts Share a Similar Set of K+ Channels 

We found that cnidarians do contain homologs of voltage-gated K+ channels found 
in higher metazoans. We used degenerate primers based on pore and S6 sequences 
conserved between the four Drosophila voltage-gated K+ channels (Shaker, Shah, 
Shal, and Shaw) to amplify fragments of six K+ channels from the genomic DNA of 
the jellyfish, Polyorchis penicillatus. These fragments were then used as high strin
gency probes on both eDNA and genomic libraries from Polyorchis to obtain larger 
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K+ channel clones. The search has produced clones of two distinct jellyfish Shaker 
homologs,jShakl andjShak2, and a clone of a jellyfish Shal homolog,jShal (Fig. 4). 
In addition to these clones, sequence homology suggests that two other amplified 
fragments, for which larger clones have not been found, may well represent jellyfish 
Shab and Shaw homologs. 

The S1 through S6 regions of JShakl and jShak2 share -50% amino acid 
identity to each other, and share similar identity to the Drosophila and Mus homo logs 
of Shaker. This level of conservation is lower than the 70% amino acid identity that is 
typically shared between Drosophila and Mus homologs of Shaker (Salkoff et al., 
1992), but is significantly higher than the 40% level of conservation these jellyfish 
homologs of Shaker share with Drosophila Shab, Shaw, and Shal. JShakl also has 
Shaker-like features in two functional domains of the amino terminal cytoplasmic 
region: a region encoding the "inactivation ball" of the Drosophila ShakerB splice 
variant (Zagotta, Hoshi, and Aldrich, 1990) and a region thought to be involved in 

Figure 4. Alignments of jellyfish and Paramecium K+ channel sequences to Drosophila K+ 
channels in the K+ -selective pore region. (A) Alignment of the jellyfish Shaker homo logs 
jShakl andjShak2 to Drosophila Shaker. (B) Alignment of the jellyfish Shal homologjShal to 
Drosophila Shal. (C) Alignment of the novel Paramecium K+ channels Pakl and Pak2 to 
Drosophila Shaker. 

the tetramerization of Shaker subunits into functional channels (Li, Jan, and Jan, 
1992; Shen, Chen, Boyer, and Pfaffinger, 1993). The JShak2 eDNA is truncated just 
5' of S1, so it is not clear if it also contains these features. 

JShal shows a greater level of conservation to Dro~ophila and Mus Shal homo logs 
(over 70% amino acid identity from S1 to S6, and nearly as much conservation at the 
amino and carboxyl termini). This higher level of conservation is consistent with the 
observation that Shal is the most highly conserved subfamily of voltage-gated K+ 
channels in higher metazoans (Pak, Baker, Covarrubias, Butler, Ratcliffe, and 
Salkoff, 1991; Salkoff et al., 1992). Remarkably, the position of an intron in the gene 
region encoding the pore of jShal and Drosophila Shal is identically conserved, 
suggesting the conservation of gene structure extending back, perhaps, a billion 
years. Thus, Shaker, Shal (and likely Shah and Shaw) appear to have been highly 
conserved as distinct lineages from the very beginnings of metazoan evolution. This 
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evidence suggests that many of the genetic determinants of membrane electrical 
properties may be common to virtually all nervous systems. 

Paramecium tetraurelia Contains a Novel Family of K+ Channels, 
but Appears to Lack Homologs of the Metazoan Voltage-gated K+ Channels 

Our attempts to isolate homo logs of Shaker, Shal, Shab, and Shaw from Paramecium 
tetraurelia were unsuccessful. Instead, fragments of five channels representing a new 
and highly divergent family of K+ channels were isolated. Using these fragments, 
complete genomic clones of two K + channels were found. The encoded channel 
subunits, PaKJ and PaK2, share - 34% amino acid identity to each other in the core 
(Sl to S6) region. PaKl and PaK2, share much lower amino acid identity with the 
metazoan K+ channels, Shaker, Shal, Shab, and Shaw except for the highly conserved 

0 10 20 30 40 50 60 70 80 90 100 
PERCENT AMINO ACID IDENTITY ACROSS MEMBRANE-SPANNiNG DOMAINS S1-S6 

Figure 5. Possible evolutionary tree of the metazoan voltage-gated K+ channels and related 
ion channels containing a single Sl-S6 motif. Note that the branch containing the voltage
gated K+ channels Shaker, Shal, Shab, and Shaw is strictly metazoan, whereas a second more 
diverse branch of the tree is much more widely spread in eukaryotes. This second branch 
includes the Paramecium K+ channels PaKl and PaK2, as well as the metazoan cyclic 
nucleotide gated channels. 

K +-selective pore region (Fig. 4 ). The string of positive charges in the S4 region that 
forms the voltage sensor of metazoan voltage-gated K+ channels is poorly conserved 
in PaKl and PaK2, suggesting the possibility that PaKl and PaK2 are not purely 
voltage-gated channels. In fact, these Paramecium clones show somewhat greater 
conservation to metazoan cyclic nucleotide-gated channels and to the hyperpolariza
tion-dependent K+ channels from plants (26-30%) than they do to Shaker, Shal, 
Shab, and Shaw (19-23% ). Paramecium also contains calmodulin-gated K+ channels 
that may be unique to ciliates (Saimi and Kung, 1987). It is not clear whether this 
novel K+ channel gene family represented by PaKl and PaK2 will encode the entire 
range of K + currents seen in Paramecium, but the low sequence homology within this 
family suggests a diversity of functional properties greater than that seen among the 
metazoan voltage-gated K+ channels. 
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The Voltage-gated K+ Channels Shaker, Shal, Shah, and Shaw May Be 
Specialized for the Signaling Needs of Metazoans, and May Not Be 
Found Outside the Metazoan Line 
Our amplification screen for homologs of Shaker, Shal, Shah, and Shaw has been 
universally successful in finding one or more homologs for these genes in all 
metazoans on which it has been tried. Thus, it has been used successfully on jellyfish, 
nematode, annelids, Mus and Drosophila. It is significant then that this screen has 
consistently failed to amplify homologs of Shaker, Shal, Shah, or Shaw from organ
isms outside the metazoan line. We have not found homologs of these channels after 
repeated screening attempts on plants (Arahidopsis thaliana), yeast (S. cerevisiae), 
flagellate protozoans (Chlamydomonas) and ciliate protozoans (Paramecium). This is 
a strong suggestion (but not proof) that Shaker, Shal, Shah, and Shaw are strictly 
metazoan and may represent a set of voltage-gated K+ channels specifically designed 
for the propagation of electrical signals in metazoan nervous systems. It will be 
interesting to see if more primitive metazoans such as sponges, which do not contain 
nervous systems but can propagate electrical signals from cell to cell, contain 
homologs of these voltage-gated K+ channels. 

In contrast to the Shaker K+ channel family, the K+ channel gene family that 
includes the metazoan cyclic nucleotide-gated channels, plant hyperpolarization
dependent K + channels and the Paramecium channels appears to be much more 
widespread in eukaryotes and thus may be far older (Fig. 5). Because of this 
phylogenetic distribution, the origins of this loose group of channels must have 
predated the advent of multicellularity, and probably electrical excitability. Their 
ancestral functions were likely related to the maintenance of resting potentials and 
volume regulation, having later been altered to serve a wider variety of functions in a 
diverse group of organisms. The metazoan voltage-gated K + channels may well have 
evolved from an ancestral channel that looked very much like members of this second 
group of channels. 
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Introduction 
The connexins are the proteins that form gap junctions. Cloning of connexin cDNAs 
has revealed twelve distinct isoforms in mammals, each encoded by a separate gene. 
All are capable of forming homomeric channels, generally thought to be comprised 
of a hexamer in each of the apposed membranes ( cf. Bennett, Barrio, Bargiello, 
Spray, Hertzberg, and Saez, 1991). Particular connexins are found in many or few 
tissues; single cells can express more than one connexin. Heteromeric hemichannels, 
i.e., those containing more than one connexin type, may occur for some combinations 
(Kordel, Nicholson, and Harris, 1993); heterotypic junctions can form between some 
but not all combinations of homomeric hemichannels (e.g., Werner, Rabadan, 
Levine, and Dahl, 1993). The functional differences among the connexins are being 
actively explored (e.g., Hertzberg and Johnson, 1988; Hall, Zampighi, and Davis, 
1992). 

Comparison of connexin sequences can generate initial hypotheses about 
structure-function relations that are testable by site-directed mutagenesis and do
main replacement (see Rubin, Verselis, Bennett, and Bargiello, 1992; Bennett, 
Rubin, Bargiello, and Verselis, 1993; Verselis, Ginther, and Bargiello, 1994). Con
served sequences and structural motifs are presumed to be functional. Variable 
regions are presumed either to be neutral or to confer functional differences. A 
neutral difference in the genes' coding regions may be accompanied by a functional 
difference in a regulatory sequence ( cf. Li and Noll, 1994). Thus, a difference in gene 
regulation may be the only functional difference between two homologs that differ in 
amino acid sequence. In the available genomic sequences of connexins there is no 
indication of alternative splicing in the coding region, unlike the situation for K + 

channels and GluR1-4 and NMDA receptors (Jan and Jan, 1992; Wisden and 
Seeburg, 1993; Durand, Bennett, and Zukin, 1993; Hollmann, Boulter, Maron, 
Beasley, Sullivan, Pecht, and Heinemann, 1993). However, an intron has been found 
in the 5' noncoding region of several connexins, which may provide for different 
pathways of transcriptional and posttranscriptional regulation (Henneman, Kozjek, 
Dahl, Nicholson, and Willecke, 1992; Willecke, Henneman, Dahl, Jungbluth, and 
Heynkes, 1991a). The noncoding exon provides for a further functional difference 
between connexins unrelated to differences in the coding sequences. 

Phylogenetic trees of gene families from the same and different species can 
delineate the number of gene duplications and sometimes the relative timing of these 
events. The structure of the connexin family tree is a major subject of this paper. 
Within a species, members of a gene family are evolutionary paralogues (genes that 
have evolved in parallel) and they are generally derived from ancestral gene 
duplications. In different species, corresponding members of a gene family are 
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evolutionary orthologues. Whether particular family members are orthologous or 
paralogous can be inferred from molecular phylogenies (with varying degrees of 
confidence, see below). Orthologous genes should cluster together near the terminal 
branches of the tree forming parallel subtrees of speciation. Each subtree describes 
evolutionary relationships after the duplication giving rise to the paralogues and 
should be congruent with organism phylogenies inferred from other genotypic, 
phenotypic, and paleontological evidence. Branching patterns that define relations 
between the subtrees can provide clues about the number and order of duplication 
events that led to the gene families. 

Sequence Comparisons 
We used all of the connexin sequences available in GenBank, but omitted from the 
final tree several rat sequences that were essentially redundant with included mouse 
sequences. Drs. D. Paul (Harvard University, Cambridge, MA), E. Beyer (Washing
ton University, St. Louis, MO), K. Willecke (UniversWit Bonn, Germany) and their 
colleagues kindly allowed us access to several of their sequences before publication. 
12 distinct rodent connexins have been identified, six in mouse and rat, four in mouse 
only and two in rat only (Table 1). It is likely that all12 occur in both groups (or that 
one or more have been lost), since the connexins so far found in only one of these 
rodents are too distinct to have arisen after rat and mouse lines diverged. Sequences 
of a number of orthologues of the rodent connexins are known from other mammals, 
including dog, cattle, and human. Several orthologues are known in chicken and 
Xenopus. The connexins are named by their molecular weight in kilodaltons, using 
tenths if necessary to differentiate connexins of similar sizes. Thus, connexin 32 or 
Cx32 has a predicted molecular weight of -32 kD, similarly for Cx31 and Cx31.1. 
Where necessary the species name precedes the connexin name. The nucleic acid 
sequences were translated into their putative amino acid sequences and aligned 
using CLUSTAL. The alignments (available upon request) were further adjusted 
using GDE2.0 (Genetic Data Environment 2.0) to ensure the juxtapostioning of 
coding regions for functionally equivalent amino acid sequences. 

The connexin molecules can be divided into nine principal domains: four 
membrane-spanning regions (M1-M4), two extracellular loops (E1, E2), and in the 
cytoplasm the NH2 terminus (NT), the COOH terminus (CT) and a cytoplasmic loop 
(CL) connecting M2 and M3 (Fig. 1). The general topology is supported by antibody 
and protease studies ( cf. Bennett, Barrio, Bargiello, Spray, Hertzberg, and Saez, 
1991). 

There are two highly variable and two relatively conserved regions. The two 
conserved regions are NT-M1-E1-M2 and M3-E2-M4 extending slightly into CL and 
CT. The inter-domain boundaries are generally well conserved and readily identi
fied. The ends of M3 are not clear but the alignment in this region is unequivocal. 
(The M2 of Cx45 may be longer by three amino acids). NT is more variable than the 
M and E domains, but has several conserved and evenly spaced hydrophobic residues 
that may be involved in membrane insertion, because the molecules lack a signal 
sequence. The variable regions are a major part of CL and most of CT shortly after 
M4. These differ in length as well as in sequence; CL ranges from 37 amino acids in 
Cx31.1 to 70 amino acids in Cx45; CT varies from 18 amino acids in Cx26 to 211 in 
CxSO (and 268 in chicken Cx56). The greater variability in length of the COOH 
terminus (CT) may in part result from point mutations inserting or removing a stop 
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TABLE I 
Rodent Connexins Aligned 

musCx26 
musCx32 
musCx303 
musCx31 
musCx311 

Iden. I 
ratCx33 
musCx43 
musCx37 
ratCx46 
musCx40 
musCx45 
musCxSO 

Iden. II 
Iden. I+II 

musCx26 
musCx32 
musCx303 
musCx31 
musCx311 

Iden. I 
ratCx33 
musCx43 
musCx37 
ratCx46 
musCx40 
musCx45 
musCxSO 

Iden. II 
Iden. I+II 

musCx26 
musCx32 
musCx303 
musCx31 
musCx311 

Iden.I 
ratCx33 
musCx43 
musCx37 
ratCx46 
musCx40 
musCx45 
musCxSO 

Iden. II 
Iden. I+II 

1 
M.DWGTLQ8I 
M.NWTGLYTL 
M.NWGFLQGI 
M.DWKKLQDL 
M.NW8VFEGL 
M.-w-----
M8DW8ALHQL 
MGDW8ALGKL 
MGDWGFLEKL 
MGDW8FLGRL 
MGDW8FLGEF 
M.8W8FLTRL 
MGDW8FLGNI 
M--W--L--
M--W------

51 
DFVCNTLQPG 
8FICNTLQPG 
DFICNTKQPG 
DFDCNTRQPG 
DFDCNTRQPG 
-F-CNT-QPG 
EFHCNTQQPG 
AFRCNTQQPG 
DFECNTAQPG 
DFTCNTQQPG 
DFRCDTIQPG 
KFVCNTEQPG 
DFVCNTQQPG 
-F-C-T-QPG 
-F-C-T-QPG 

101 
HEKKR ..... 
HIEKK ..... 
ERERK ..... 
ERERK ..... 
AREKK ..... 

RQNEK ..... 
RKEEK ..... 
RREER ..... 
RMEEK ..... 
RMQEK ..... 
AKMEHGEADK 
RMEEK ..... 
---E------
----------

--NT--><--------Ml--------><--El- 50 
LGGVNKH8T8 IGKIWLTVLF IFRIMILVVA AKEVWGDEQA 
L8GVNRH8TA IGRVWL8VIF IFRIMVLVVA AE8VWGDEK8 
L8GVNKY8TA LGRIWL8VVF IFRVLVYVVA AEEVWDDDQK 
L8GVNQY8TA FGRIWL8VVF VFRVLVYVVA AERVWGDEQK 
L8GVNKY8TA FGRIWL8LVF VFRVLVYLVT AERVWGDDQK 
L-GVN--8T- -G--WL---F -FR-----V- A--VW-D--
LEKVQPY8TA GGKVWIKVLF IFRILLLGTA IE8AW8DEQF 
LDKVQAY8TA GGKVWL8VLF IFRILLLGTA VE8AWGDEQ8 
LDQVQEH8TV VGKIWLTVLF IFRILILGLA GE8VWGDEQ8 
LENAQEH8TV IGKVWLTVLF IFRILVLGAA AEEVWGDEQ8 
LEEVHKH8TV IGKVWLTVLF IFRMLVLGTA AE88WGDEQA 
LEEIHNH8TF VGKIWLTVLI VFRIVLTAVG GE8IYYDEQ8 
LEEVNEH8TV IGRVWLTVLF IFRILILGTA AEFVWGDEQ8 
L------8T- -G--W--VL- -FR------- -E----DEQ
L------8T- -G--W----- -FR------- ------D---

--NT--><--------Ml--------><--El--

49 
49 
49 
49 
49 

so 
so 
so 
so 
so 
49 
so 

--El--><--------M2-------->-->100 
CKNVCYDHHF PI8HIRLWAL QLIMV8TPAL LVAMHVAYRR 99 
CN8VCYDHFF PI8HVRLW8L QLILV8TPAL LVAMHVAHQQ 99 
CPNVCYDEFF PV8HVRLWAL QLILVTCP8L LVVMHVAYRE 99 
CTNVCYDNFF PI8NIRLWAL QLIFVTCP8M LVILHVAYRE 99 
CTNVCYDEFF PV8HVRLWAL QLILVTCP8L LVVMHVAYRK 99 
C--VCYD--F P-8--RLW-L QLI-V--P-- LV--HVA--
CENVCYDQAF PI8HVRLWVL QVIFV8VPTL LHLAHVYYVI 100 
CENVGYDK8F PI8HVRFWVL QIIFV8VPTL LYLAHVFYVM 100 
CTNVCYDQAF PI8HIRYWVL QFLFV8TPTL IYLGHVIYL8 100 
CENVCYDRAF PI8HIRFWAL QIIFV8TPTL IYLGHVLHIV 100 
CQNVCYDQAF PI8HIRYWVL QIIFV8TP8L VYMGHAMHTV 100 
CENVCYDAFA PL8HVRFWVF QIILVATP8V MYLGYAIHKI 99 
CENVCYDEAF PI8HIRLWVL QIIFV8TP8L MYVGHAVHHV 100 
C-NVCYD--- P-8H-R-W-- Q---V--P-- ---------
C--VCYD--- P-8--R-W-- Q---V--P~- ----------

--El--><--------M2-------->--><--E2--

150 
••••••••• 0 ...... KFMK GEIKNEFKDI EEIKTQ .... 124 
0 ••••••••• . . . . . . . MLR LEGHGDPLHL EEVKRH .... 123 
••••••• 0 •• . ..... HRLK HGPNAPALY8 NL8KKR .... 124 
.......... . . . . . . HRQK HGEQCAKLY8 HPGKKH .... 124 
••• 0 0. 0 0 0. . . . . . . YQEK IGEGY .. LYP NPGKKR .... 122 
.......... ---------- ---K-- .... 
• 0 ••••••• 0 . . . . . . LKKQ EEEELKVAHF NGA8GERRL . 128 
0 •••••• 0. 0 ...... LNKK . EEELKVAQT DGVNVEMHL . 127 
.......... . . . . . . L.RQ KEGELRALP8 KDLHVERAL . 127 
••••• 0 •• 0. . . . . . . KKER EEELLRRDNP QHGRGREPM . 128 
.......... . ..... QKLR DAEKAKEAHR TGAY ... EY. 125 
KAAR8KPYAM RWKQHRALEE TEEDHEEDPM MYPEMELE8. 148 
••••• 0 •••• ...... RKDR EAEELCQQ8R 8NGGERVPIA 129 
---------- ---------- ---------- ----------
---------- ---------- ---------- ----------

Groups I and II and identities are indicated. Interdomain boundaries are shown above and 
below the sequences. Conserved regions in the CT domains are shown in bold face. 

codon; however the short conserved sequences in the middle and near the end of the 
COOH terminus (see below) indicate that other mechanisms must also be operative. 

Many of the conserved regions of the connexins have been noted before ( cf. 
Bennett et al., 1991). In M3 the conserved acidic, basic and polar groups that are 
separated by several nonpolar residues are thought to form the channel lining. The 
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TABLE I 
(Continued) 

musCx26 
musCx32 
musCx303 
musCx31 
musCx311 

Iden. I 
ratCx33 
musCx43 
musCx37 
ratCx46 
musCx40 
musCx45 
muscx50 

Iden. II 
Iden. I+II 

musCx26 
musCx32 
musCx303 
musCx31 
musCx311 

Iden. I 
ratCx33 
musCx43 
musCx37 
ratCx46 
musCx40 
musCx45 
muscx50 

Iden. II 
Iden. I+II 

musCx26 
musCx32 
musCx303 
musCx31 
musCx311 

Iden. I 
ratCx33 
musCx43 
musCx37 
ratCx46 
musCx40 
musCx45 
musCx50 

Iden. II 
Iden. I+II 
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151 --CL--><---------M3--------><--E2-
........ KV RIE.GSLWWT YTTSIFFRVI FEAVFMYVFY 155 
........ KV HIS.GTLWWT YVISVVFRLL FEAVFMYVFY 154 
.............. GGLWWT YLLSLIFKAA VDSGFLYIFH 150 
.............. GGLWWT YLFSLIFKLI IELVFLYVLH 150 
.............. GGLWWT YVFSLSFKAT IDIIFLYLFH 148 
. ....... ---.G-LWWT Y--8--F--- --F-Y-----

.. QKHTGKHI 

.. KQIEIKKF 

.. AAIEHQMA 

.. RTGSPRDP 

.. PVAEKAEL 

.. EKENKEQS 
PDQASIRKSS 

KCGSKEHGNR KMR.GRLLLT YMASIFFKSV FEVAFLLIQW 175 
KYGIEEHGKV KMR.GGLLRT YIISILFKSV FEVAFLLIQW 174 
KISVAEDGRL RIR.GALMGT YVVSVLCKSV LEAGFLYGQW 174 
PL.RDDRGKV RIA.GALLRT YVFNIIFKTL FEVGFIAGQY 174 
SCWKEVDGKI VLQ.GTLLNT YVCTILIRTT MEVAFIVGQY 172 
QPKPKHDGRR RIREDGLMKI YVLQLLARTV FEVGFLIGQY 196 
SS.SKGTKKF RLE.GTLLRT YVCHIIFKTL FEVGFIVGHY 177 
---------- ------L--- Y--------- -E--F---0-
---------- ------L--- Y--------- ----F-----

201 
IMYNGFFMQR LVKCNAW.PC 
LLYPGYAMVR LVKCEAF.PC 
CIYKDYDMPR VVAC.SVTPC 
TLWHGFTMPR LVQCASIVPC 
AFYPRYTLPS MVKCHA.EPC 
---------- -V-C----PC 
YLY.GFTLSA VYICE.QSPC 
YIY.GFSLSA VYTCK.RDPC 
RLY.GWTMEP VFVCQ.RAPC 
FLY.GFQLQP LYRCD.RWPC 
LLY.GIFLDT LHVCR.RSPC 
FLY.GFQVHP FYVCS.RLPC 
FLY.GFRILP LYRCS.RWPC 
--Y.G----- ---C----PC 
---------- ---C----PC 

---><--CT--
LNITELCYLF VRYCSGKS.K 
LNVAEVVYLI IRACARRA.Q 
LNLSEVVYLV GKRCMEVF.R 
LTICEICYLI FHRIMRGI.S 
LNLVELIYLV IKRCSECA.Q 
L--------- -------- -
LNVIELFYVL FKAIKNHL.G 
LNIIELFYVF FKGVKDRV.K 
LNLLELVHLL CRCVSREI.K 

--CL--><---------M3--------><--E2--

--E2--><---------M4---
PNTVDCFISR PTEKTVFTVF MISVSGICIL 
PNTVDCFVSR PTEKTVFTVF MLAASGICII 
PHTVDCYIAR PTEKKVFTYF MVVTAAICIL 
PNTVDCYIAR PTEKKVFTYF MVGASAVCII 
PNTVDCFIAK PSEKNIFIVF MVVTAVICIL 
P-TVDC---- P-EK--F--- M------CI
PHRVDCFLSR PTEKTIFILF MLVVSMVSFV 
PHQVDCFLSR PTEKTIFIIF MLVVSLVSLA 
PHIVDCYVSR PTEKTIFIIF MLVVGVISLV 
PNTVDCFISR PTEKTIFVIF MLAVACASLV 
PHPVNCYVSR PTEKNVFIVF MMAVAGLSLF 
PHKIDCFISR PTEKTIFLLI MYGVTGLCLI 
PNVVDCFVSR PTEKTIFILF MLSVAFVSLF 
P----C--SR PTEK--F--- M--V-----
P----C---- P-EK--F--- M---------

--E2--><---------M4----

300 
RPV 
RRSNPPSRKG SGFGHRLSPE YKQNEINKLL 
PRR ....... RKASRRHQLP DTCPPYVIS. 
KGKSTKSISS PKSSSRASTC RCHHKLLESG 
LRRPPTA.HA KNDPNWANSP SKEKDFLSCD 
---------- ---------- ----------
NEKEEVYC .. ........ NP VEL.QKPSCV 
GRSDPYHA .. ........ TT GPLSPSKDCG 
ARRDH.DA .. ........ RP AQGSASDPYP 

LNMLEIYHLG WKKLKQGV.T NHFNPDASEV RHKPLDPLSE AANSGPPSVS 
LSLAELYHLG WKKIRQRF.G KSRQGVD ... . . . . . . . . KH QLPGPPTSLV 
LNIWEMLHLG FGTIRDSLNS KRRELDDPGA YNYPFTWNTP SAPPGYNIAV 
LNIMEMSHLG MKGIRSAF.K RPVEQPLGEI AEKSLH .. SI AVSSIQKAKG 
L--------- ---------- ---------- ---------- ----------
L--------- ---------- ---------- ---------- ----------
---><--CT--

204 
203 
199 
200 
197 

223 
222 
222 
222 
220 
244 
225 

226 
252 
240 
249 
245 

261 
261 
260 
271 
258 
294 
272 

conserved phenylalanines may operate in gating by occluding the channel when the 
M3 helix tilts or rotates. The extracellular loops, El and E2, are highly conserved, 
particularly compared to the extracellular or cytoplasmic domains of many other 
integral membrane proteins; this conservation presumably reflects their role in 
interconnecting hemichannels. The most striking conserved features of El and E2 
are the three cysteines in both loops and the PCP motif in E2 which would be 



The Connexins and Their Family Tree 227 

TABLE I 
(Continued) 

musCx32 
musCx303 
musCx3l 
musCx3ll 

Iden. I 
ratCx33 
musCx43 
musCx37 
ratCx46 
musCx40 
musCx45 
musCx50 

Iden. II 
Iden. I+II 

musCx43 
musCx37 
ratCx46 
musCx40 
musCx45 
musCx50 

musCx43 
musCx37 
ratCx46 
musCx40 
musCx45 
musCx50 

musCx43 
musCx37 
musCx46 
musCx40 
musCx45 
musCx50 

60 

55 ........ 
Q 
..Ill 

......... 50 
.... 
..c:l 
-~ 45 
II 

II= 
'"' 40 
II ..... 
~ 35 
II 

0 
:::11 30 

30l 
SEQDGSLKDI 
.KGGHPQDES 
DPEADPASEK 
LIFLGSDAHP 
----------
SSSAVLTTIC 
SPKYAYFNGC 
EQVFFYLPMG 
IGL ....... 
QSLTPPPDFN 
KPDQIQYTEL 
YQLLEEEKIV 
----------
----------

35l 
.......... 
•••••••• 0 • 

. QGRGHPVKH 

.......... 
0 ••••••••• 

YQETLPSYAQ 

40l 

350 
LRRSPGTGAG LAEKSDRCSA c 
VILTKAGMAT VDAGVYP 
LQASAPSLTP I 
PLLPDRPRAH VKKTIL 
---------- ------- • • • • • 0 •••• ••••• 0 •••• 

SS .. DQVVPV GLSSFYM 
SSPTAPLSPM SPPGYKLVTG DRNNSSCRNY N ......... 
EGPSSPPCP. TYNG ...... •••• 0 ••••• . . . . . . . . . . 
PPYYTHPACP TVQGKATGFP GAPLLPADFT VVTLNDA ... 
QCLKNSSGEK FFSDFSN ... • • 0 ••••••• 0 ••••••••• 

SNA ....... .......... 0 ••••••••• • • • 0 •••••• 

SHYFPLTEVG MVETSPLSAK PFSQFEEKIG TGPLADMSRY 
---------- ---------- ---------- ----------
---------- ---------- ---------- ----------

400 
.... KQASEQ NWANYSAEQN RMGQAGSTIS NSHAQPFDFP 
.. . . LSSTEQ NWANLTTEER LTSSRPPPFV N ......... 
CNGHHLTTEQ NWASLGAEPQ TPASKPSSAA SSPHGRKGLT 
.... NMGSRK NPDALATGEV PNQEQIPGEG FIHMHYSQKP 
.... KIAYKQ NKANIAQEQQ YGSHEEHLPA DLETLQREIR 
VGVQEVEREE PPIEEAVEPE VGEKKQEAEK VAPEGQETVA 

450 

283 
266 
270 
27l 

286 
302 
283 
3U 
285 
307 
322 

338 
3l0 
360 
32l 
343 
372 

DDSQNAKKVA AGHELQPLA. .......... . . . . . . . . . . . ... IVDQRP 363 
• • • • • • 0 ••• . . . . . . . . . . .......... • ••• 0 ••••• . . . . TAPQGG 3l6 
DSSGSSLEES ALVVTPEGEQ ALATTVEMH. •• 0 •••••• 0 SPPLVLLDPE 399 
. . . . . . . . . . 0 •• 0 0 ••••• .......... .. EYASGASA GHRLPQGYHS 339 
MAQERLDLAI QAYH ...... 0 ••••••••• HQNNPHGPRE KKAKVGSKSG 377 
VPDRERVETP GVGKEDEKEE LQAEKVTKQG LSAEKAPSLC PELTTDDNRP 422 

45l 
SSRASSRASS RPRPDDLEI 382 
RKSPSRPNSS ASKKQYV 333 
RSSKS .. SSG RARPGDLAI 4l6 
DKRRLSKASS KARSDDLSV 358 
GSNKSSISSK SGDGKTSVWI 396 
PLSRLSKASS RARSDDLTI 44l 

E-o"o-~N 
~Z:)fliil::.l CL l::i:::j C term 

Figure 1. Domain organization of the 
connexins. Each horizontal line repre
sents a connexin with location on the 
abscissa indicating the predicted mo
lecular weight and length indicating 
number of amino acids. The interdo
main boundaries and the conserved 
region in the central region of the 
COOH terminus are indicated by 
filled circles. The connexins included 
are mouse Cx26, Xenopus Cx30, 
mouse Cx31, mouse Cx32, rat Cx33, 
mouse Cx37. Xenopus Cx38, mouse 
Cx40, chicken Cx42, mouse Cx43, 
mouse Cx45, rat Cx46, mouse Cx50 
and chicken Cx56. 

I I t t 
conserved 
region11 

I I 

Group II 

Group 

0 100 200 300 400 500 600 

Number of Amino Acids 
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expected to prevent helical structure in this region. In E1 15 of 35 residues are 
identical in all, 11 of 12 consensus is present for 6 more sites. E2 is less .well 
conserved; identity for 8 of 37, 11 of 12 consensus in 4 more. E2 is more divergent in 
its NHz-terminal half. 

There are two short regions of similarity in the COOH terminus in the larger 
connexins (Fig. 1, Tables I and II). The function of the more NHz-terminal sequence 
is unknown. The sequences near the COOH-terminal ends contain Ser and basic 
amino acids and are likely to be phosphorylation sites, as has been shown directly for 
(rat) Cx43 (Saez, Nairn, Czernik, Spray, Hertzberg, Greengard, and Bennett, 1993). 
(An unrelated phosphorylation site for A kinase is found in Cx32 [Saez, Nairn, 
Czernik, Spray, and Hertzberg, 1990]). 

TABLE II 
Group II C-terminal Homologies 

xenCx38 -GGHNW8RIQMEQ- 284 -HQT88KQQYV- 333 
musCx37 -TEQNWANLTTEE- 298 -N88A8KKQYV- 334 
musCx40 -8RKNPDALATGE- 300 -A88KAR8DDL- 356 
dogCx40 -8QQNTDNLATEQ- 299 II 355 
chiCx42 -8QQNTANFATER- 308 II 367 
mamCx43 -8EQNWANY8AEQ- 317 -A88RPRPDDL- 380 
musCx45 -YKQNKANIAQEQ- 322 -88K8GDGKT8- 393 
ratCx46 -TEQNWA8LGAEP- 339 -88GRARPGDL- 414 
musCx50 -REEPPIEEAVEP- 351 -A88RAR8DDL- 438 

divergent conserved 
musCx40 -8RKNPDALATGE- 300 -A88KAR8DDL- 356 
dogCx40 -8QQNTDNLATEQ- 299 -A88KAR8DDL- 355 
Identities -8----D-LAT-- -A88KAR8DDL-

conserved divergent 
musCx37 -TEQNWANLTTEE- 298 -N88A8KKQYV- 334 
ratCx46 -TEQNWA8LGAEP- 339 -88GRARPGDL- 414 
Identities -TEQNWA-L--E-- --8---------

Sequences from the two conserved regions found in most Group II connexins are shown. 
These regions have diverged at different rates in different lineages; either region can be more 
divergent. The numbers refer to the last amino acid in the sequences. 

Sequence comparisons have been useful in analysis of voltage dependence of 
the conductance of gap junctions formed of Cx26 and Cx32 (Rubin et a!., 1992; 
Bennett et a!., 1993; Verselis et a!., 1994). These two connexins each form gap 
junctions closed by transjunctional voltage, with equal sensitivity for voltages of 
either sign. The symmetry is ascribable to there being two oppositely oriented 
hemichannels, one in each membrane, one closing for either polarity of voltage. The 
two amino acids, KE (LysGlu), at the beginning of E1 in Cx26 are unique for this 
position among the connexins. Mutation of these residues to the consensus sequence 
for this position, ES (GluSer), increased the steepness of the conductance/voltage 
relation. The converse change in Cx32 increased the steepness of its conductance/ 
voltage relation. The properties of heterotypic wild type/mutant channels revealed 
that the polarity of sensitivity of the hemichannels was opposite in the two cases, that 
is the mutant hemichannel properties occurred with the mutant side positive in the 
case of Cx26 and with the mutant side negative in the case of Cx32. Changing 
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domains showed that the NT-M1 domains determined the polarity of sensitivity 
(Verselis et al., 1994). The only site in the NT-M1 domains in which the two differ in 
charge is the third amino acid which is Glu in Cx26 and Asp in Cx32. Exchange of 
these amino acids in each case reversed the polarity of voltage sensitivity. The 
conclusion was that all three amino acids are part of the voltage sensor. This study is 
illustrative of how sequence comparisons can guide structure function analyses. 

It has recently been reported that X-linked Charcot-Marie-Tooth disease is 
associated with mutations in the Cx32 gene (Bergoffen, Scherer, Wang, Scott, Bone, 
Paul, Chen, Lensch, Chance, and Fischback, 1993; Fairweather, Bell, Cochrane, 
Chelly, Wang, Mostacciuolo, Monaco, and Haites, 1994). 15 different lineages with 
distinct mutations are known. Several of the mutations are frame shifts that would be 
certain to prevent the gene product from forming junctions. Other point mutations in 
M3 and E1 and E2 are of highly conserved residues; it appears likely that these 
mutant proteins also would not generate functional gap junctions. These predictions 
can be and are being tested by site directed mutagenesis. Two additional lineages 
show no mutations in the coding sequence; disruption of the promoter region or 
regulatory sites may produce the phenotype in these cases. 

The Tree(s) 

We restricted our phylogenetic analyses to the two major conserved regions in 
connexin genes (encoding positions 1-105 and 173-251 in Table I). Because of higher 
rates of substitution leading to frequent but unseen reversals, only the first and 
second positions of codons that could be unambiguously aligned were included in the 
sequence comparisons. For phylogenetic inferences based upon distance matrix 
methods, sequence similarities were converted to evolutionary distances expressed in 
nucleotide changes/site by the method of Jukes and Cantor (1969). Trees were 
constructed using a modification of the least squares distance matrix methods 
(Elwood, Olsen, and Sogin, 1985). Trees based upon the principles of maximum 
parsimony were inferred using heuristic search options in the computer program 
PAUP3.0 (Swofford, 1991). Initial tree topologies were obtained by addition of 
randomly selected taxa using ten repetitions for each round of parsimony analysis. 
To assess the fraction of sites that support elements in our distance and parsimony 
analyses, we employed bootstrap procedures (Felsenstein, 1985). 

The distance matrix tree in Fig. 2 describes evolutionary relationships between 
orthologous and paralogous members of the connexin gene family. It is largely 
congruent with trees generated using either the first or the second conserved region 
alone, and it is consistent with bootstrap analyses based upon parsimony. The 
number of bootstrap replicates displaying corresponding topological elements in 
distance matrix and parsimony procedures (in parentheses) is indicated in the figure. 
Values below 50 percent are not included in the figure. Rather than interpreting 
bootstrap values as measures of statistical confidence in phylogenetic tree reconstruc
tions, they should be regarded as measures of relative confidence between topologi
cal elements in the tree. Bootstrap values are known to be influenced by the number 
of changes that define internal branches in phylogenetic trees (Hillis and Bull, 1993), 
and are often influenced by use of different taxa or genes in molecular reconstruc
tions (Liepe, Gunderson, Nerad, and Sogin, 1993). 

Although the tree is unrooted, separation into groups I and II as indicated 
appears reasonable. Branch points that represent duplications are indicated by black 
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ovals. Branch points that represent speciation are unmarked. One branch is question
able in nature (Cx37-Cx38, see below). The second and third duplications within the 
group I lineage appear well resolved by the distance method. The later node is less 
probable according to parsimony analysis, but this uncertainty may be an artifact of 
the long branch going to the Cx30.3, Cx31, Cx31.1 group. Relations among Cx30.3, 
Cx31, and Cx31.3 are uncertain, although they are a group and their genes are on the 
same chromosome (Schwarz, Chang, Hennemann, Dahl, Lalley, and Willecke, 
1992). The duplications giving rise to this group may be relatively recent, and 
intergene transfer may be responsible for the ambiguity in the tree in this region. 
There is some conservation in the CL domain in these connexins, but inclusion of this 

97(100) 

97(100) 

MouseCx37 
.----------1- Rat Cx37 

HumanCx37 
L-------Xenopus Cx38 

.------Rat Cx33 
.-----;;.;...:.;~• Xenopus Cx43 

Chicken Cx43 
MouseCx43 
RatCx43 
BovineCx43 
HumanCx43 
Chicken Cx42 

DogCx40 
MouseCx40 

100(100) RatCx40 
Chicken Cx56 

RatCx46 
~~---Mouse Cx50 

.10 

Group II 

Figure 2. Our best connexin family tree obtained by distance methods. The branch points at 
filled ovals represent gene duplications. The branch points without ovals represent speciation. 
One branch point indicated by a question mark is ambiguous (see text). The numbers on the 
horizontal lines represent the number of bootstrap replicates of 100 trials displaying 
corresponding topological elements in distance matrix and (in parentheses) parsimony 
procedures. The calibration represents a difference of 0.1 out of a possible 1.0, i.e., 10%. 

information in the tree construction did not clarify the relations between them. Their 
COOH termini are very divergent and are not informative in this respect. In group II, 
the affiliations of Cx43s and Cx33 and of Cx37s and Cx38 are well resolved. Deep 
branches involving these groups, Cx:SO and the presumably orthologous Cx40, Cx42 
group, the Cx45 group and the Cx46, Cx56 group are ambiguous. Resolution of these 
branches may be possible when sequences from lower forms become available. 

The connexin trees are consistent with vertebrate evolution in that mammalian 
orthologues are closer to each other than to their chicken orthologues (see Cx43s, 
Cx45s and the Cx40, Cx42 group). Similarly, mammalian Cx43s are more like each 
other than they are like Xenopus Cx43 and mammalian Cx32s are more like each 
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other than they are like Xenopus Cx30. The rate of divergence differs among 
connexins. Cx43s of mammals and Xenopus are less divergent than are the ortho
logues, Xenopus Cx30 and the mammalian Cx32s. Xenopus Cx38 and mouse Cx37 are 
more closely related to each other than to any other connexin but considerably more 
divergent than Cx30 and Cx32. These differences in rates of divergence are true of 
the less conserved regions of the sequences as well as those used to make the tree. 
Comparing mouse and Xenopus CL and CT domains are 85 and 78% identical for 
Cx43; 68 and 36% identical for Cx30, Cx32, and 32 and 22% identical for Cx37, Cx38. 
Although Cx37 and Cx38 are functionally related by their pronounced voltage 
dependence, their very disparate tissue distribution and CT sequences suggest that 
they are distinct connexins (Willecke, Heynkes, Dahl, Stutenkemper, Henneman, 
Jungbluth Suchyna, and Nicholson, 1991b ). There may be a Cx38 orthologue in 
mammals and/ or a Cx37 orthologue in Xenopus. 

As noted above in relation to the E1 and E2 domains, different conserved 
regions of the connexin molecules have diverged at different rates. Differences in 
rates of change are also evident in the two regions of conservation in the COOH
terminal domain, either of which can be more divergent. In Cx43s, both regions are 
completely conserved in all the sequences, those of Xenopus, chicken and mammal, 
again indicating the relative stability of this gene. In the group II connexins the distal 
COOH-terminal sequences that contain putative phosphorylation sites give two 
clusters, the Cx37, Cx38 group and the others with Cx45 as an outlier. The more 
central conserved region shows closer affiliation between Cx37, Cx43, and Cx46 than 
between Cx37 and Cx38. In the Cx40, Cx42 orthologous group the dog and chicken 
orthologues are more closely related in this region than the dog and rodent 
orthologues, and in rodent Cx40 and Cx50 this region could only be identified on the 
basis of the overall alignment. It may be that the function of this region, what ever it 
is, has been lost in Xenopus Cx38 and mouse Cx40 and Cx50. 

The large distance between groups I and II compared to the distance between 
mammalian and amphibian orthologues suggests that divergence between groups I 
and II took place early in or before vertebrate divergence. The divergences repre
sented by the deeper branches also are likely to have been very early. There have 
been no sequences obtained from earlier diverging forms. Gap junctions do occur in 
most coelenterates (Mackie, 1990) (and in mesozoa, which may be even more 
primitive, Revel, 1988), and antibodies to liver gap junctions were reported to cross 
react with Hydra junctions (Frazer, Green, Bader, and Gilula, 1987). Thus, it is likely 
that connexins appear very early in metazoan evolution. Sequences from earlier 
diverging forms may help in tree refinement and may also reveal precursor molecules 
in unicellular organisms that in general lack gap junctions. 

Summary 
The connexins, gap junction forming proteins, are encoded by a gene family. 
Sequence comparisons reveal regions of conservation with functional implications 
for voltage dependence of junctional conductance, junction formation and regula
tion by phosphorylation. The best connexin tree shows that most gene duplications 
giving rise to the family occurred early in or before vertebrate divergence. The 
topology of most deep branches of the tree is uncertain. Evolutionary rates vary for 
different paralogous connexin genes. 
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Relationships of G-Protein-coupled Receptors. 
A Survey with the Photoreceptor Opsin 
Subfamily 
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Relationships among the G-protein-coupled receptors were evaluated using several 
distance matrices with the neighbor-joining method of Saitou and Nei (1987). The 
relationships generated vary depending upon alignment, length, or region of se
quence compared, and the distance matrix used to score similarity. To provide a 
statistical level of confidence, bootstrap resampling was applied to the analysis of a 
selection of G-protein-coupled receptors and the subfamily photoreceptor opsins. A 
general consensus indicates that the opsins behave as a discrete subfamily among the 
superfamily of G-protein-coupled receptors. Their relationship to other subfamilies 
remains unresolved. Within the opsin subfamily, the retinochromelike opsins segre
gate as a discrete group, but are more closely related to the invertebrate than 
vertebrate opsins. Among vertebrate opsins, the long wavelength cone opsins, the 
blue/violet opsins, and the rod opsins (including a class of green cone opsins) form 
distinct subgroups, but their relationships to one another remain unresolved. For this 
superfamily of receptors, the confidence levels for many branch pairings are low. The 
application of methods complimentary to those used in this preliminary study will be 
necessary to resolve questions about appropriate pairing and evolutionary relation
ships. 

Introduction 
The G-protein-coupled receptors form one of the largest families of proteins whose 
primary sequences have been assessed. These receptors detect extracellular ligands, 
or light, and transduce the binding information by coupling to intracellular trimeric 
GTP-binding proteins. The receptor-G-protein pathways may signal intracellular 
changes in second messengers, protein phosphorylations, or ion channel conduc
tances. Each receptor is a single polypeptide composed of seven relatively hydropho
bic transmembrane regions. Each polypeptide folds to form an integral membrane 
protein that specifies a ligand binding pocket accessible from the extracellular space; 
a set of intracellular loops that link the membrane spanning regions bind intracellu
lar proteins for signaling and signal regulation. Members of the family are expressed 
in most eucaryotic cell types and are found in organisms ranging from Dictyostelium 
to man; curiously, no examples have been identified yet in plants. With the advent of 
molecular cloning and recent polymerase chain reaction (PCR) gene amplification, 
the number of receptors in the superfamily now exceeds 200 sequences. Over 1,000 
receptor types are estimated to be expressed in humans; the subfamilies of olfactory 
or gustatory receptors may alone exceed 1,000 types. 
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Visual inspection of protein sequences, alignment, and observation of strong 
identities have generally been used to classify the subfamilies within the superfamily 
(Applebury and Hargrave, 1986; Probst, Snyder, Schuster, Brosius, and Sealfon, 
1992). As the database has grown, a more extended evaluation of the relationships 
within the subfamilies and interrelationships among the subfamilies has become 
possible. To better understand the function of these receptors, investigators have 
sought structural features that provide ligand specificity, interaction with specific 
types of G-proteins (Wilkie, 1994), regulation by receptor kinases (Inglese, Freed
man, Koch, and Lefkowitz, 1993) and regulation by arrestins (Wilson and Applebury, 
1993). If valid groups can be established, structural features associated with specific 
sequences may better predict physiological function and aid in deriving the evolution 
of subtypes. 

Although the database is large, the majority of G-protein-coupled receptor 
sequences are of mammalian origin; the proteins are often nearly identical or highly 
similar. Thus, in fact, the number of sequences that distinguishes any group is 
limited. The most extensive dataset available is the subfamily of photoreceptor 
opsins. Receptors from many species, both invertebrate and vertebrate, have been 
cloned and sequenced. Predictions of evolutionary relationships in this family have 
been given by Applebury (1987a,b) Goldsmith (1990), Yokoyama and Yokoyama 
(1990), Okano, Kojima, Fukada, Shichida, and Yoshizawa (1992), and Johnson, 
Grant, Zankel, Boehm, Merbs, Nathans, and Nakanishi, (1993). The following work 
was undertaken to explore the relationships among the opsins using the current 
larger database. In addition, the relationships of the opsins to other members of the 
superfamily were explored to question whether opsins form a unique family of their 
own or whether they may be more closely related to some other receptor types, for 
example, other sensory receptors such as the olfactory or gustatory receptors. The 
assessment of the opsins identifies several problems in predicting relationships in this 
family of proteins and provides a guideline for assessment of other subfamilies 
among the extensive G-protein-coupled receptor superfamily. 

Methods 
Databases 

The sources of amino acid sequences for visual pigment opsins, including related 
retinaldehyde-binding retinochrome proteins, and selected G-protein-coupled recep
tors are listed in Tables I and II. A selection of 27 G-protein-coupled receptors, 
which represent different receptor subtypes, was selected from human sequences for 
consistency; as many invertebrate sequences were included as could be found. 
Sequences, such as those for metabotrophic glutamate and prostaglandin EP1 
receptors that were difficult to align were dropped in the course of analysis. Most 
amino acid sequences were accessed through the ENTREZ database obtained from 
the National Center for Biotechnology Information (NCBI; Bethesda, MD). The 
accession number is given for reference. For data entered from the literature, 
references are provided. The murine and canine sequences are unpublished data 
available from the author's laboratory. The identity of most receptors is given by its 
ligand specificity; thus, the general ligand type is provided for the G-protein-coupled 
receptors and the characteristic wavelengths of absorption maxima are provided for 



G-Protein-Coupled Receptors 237 

TABLE I 
Database for Opsin Sequences 

File Phy- Common 
Organism 

Wave 
Opsin Amino Accession 

I urn* name lengtM acids number 

Visual pigments 
I ancP625 c American Anolis carolinensis 625/A2 red cone 369 a 

chameleon 
2 bovP498 c cow Bos taurus 498 rod 348 b 
3 calP488 Ar blowfly Calliphora erythrocephala 488 Rhl-6 371 gbJ05596 
4 canP498 c dog Canis familiaris 498 rod 348 b 
5 cavGIOI c cavefish Astyamax fasciatus G green cone 353t gbM38619 

(blind) 
6 cavGI03 c cavefish Astyamax fasciatus G(554) green cone 355t spP22330 

(blind) 
7 cavR007 c cave fish Astyamax fasciatus R(596) red cone 342t gbM38652 

(blind) 
8 chkP415 c chicken Gallus gallus 415 violet cone 347 gbM92039 
9 chkP455 c chicken Gallus gallus 455 blue cone 361 gbM92037 

10 chkP503 c chicken Gallus gallus 503 rod 351 sp22320 
11 chkP508 c chicken Gallus gallus 508 green cone 355 gbM92038 
12 chkP571 c chicken Gallus gallus 571 red cone 362 gbM62903 
13 crfP535 Ar crayfish Procambarus clarkii 535 rhabdomere 376 bbsl22965 
14cgRHO c Ch. hampster Cricetulus griseus 498§ rod 348 emblX61084 
15drmgRHI Ar fruit fly Drosophila melanogaster 480 Rhl-6 372 pir1107195A 
16drmgRH2 Ar fruit fly Drosophila melanogaster 420 Rh2ocelli 381 gbMI2896 
17drmgRH3 Ar fruit fly Drosophila melanogaster 335/350 Rh3 (7) 383 gbM17718 
18drmgRH4 Ar fruit fly Drosophila melanogaster 335/350 Rh4(7) 378 gbMI7730 
19 drpsRHI Ar fruit fly Drosophila pseudoobscura 480§ Rhl-6 374 emblX65877 
20drpsRH2 Ar fruit fly Drosophila pseudoobscura 420§ Rh2ocelli 381 emblX65878 
21 drpsRH3 Ar fruit fly Drosophila pseudoobscura 335/350§ Rh3 (7) 382 emblX65879 
22drpsRH4 Ar fruit fly Drosophila pseudoobscura 335/350§ Rh4 (7) 380 emblX65880 
23 drviRH4 Ar fruit fly Drosophila virilis 335/350§ Rh4 (7) 383 bgM77281 
24 frgP502 c frog leopard Rana pipiens 502 rod 354 pirS27231 
25 gecP467 c gecko tokay Gekkogekko 467 transrod 355 gbM92035 
26 gecP521 c gecko tokay Gekkogekko 521 transrod 365 gbM92036 
27 gofP441 c goldfish Carassius auratus 441 blue cone 351 pirE45229 
28 gofP492 c goldfish Carassius auratus 492 rod 354 pirC45229 
29 gofP505 c goldfish Carassius auratus 505 green I cone 349 pirA45229 
30 gofP511 c goldfish Carassius auratus 511 green 2 cone 349 pirB45229 
31 gofP525 c goldfish Carassius auratus 525 red cone 357 pirD45229 
32 hcrP520 Ar horseshoe crab Limulus polyphemus 520 lateral eye 376 gbL03781 
33 hcrP530 Ar horseshoe crab Limulus polyphemus 530/360 median ocelli 376 gbL03782 
34humP426 c human Homo sapiens 426 blue cone 348 gbMI3299 
35 humP498 c human Homo sapiens 498 rod 348 gbK02281 
36humP530 c human Homo sapiens 530 green cone 364 gbK03495 
37humP557 c human Homo sapiens 557 red cone 364 gbMI3305 
38lmpP497 c lamprey Lampetra japonica 497 rod short 353 gbM63632 
39murBLUE c mouse Mus musculus nd blue cone 346 b 
40murP498 c mouse Mus musculus 498 rod 348 gbM36699 
41 murP505 c mouse Mus musculus 505 green cone 359 b 
42 octP475 M octopus Paroctopus defteini 475 rhabdomere 455 emblX07797 
43 oviP498 c sheep Ovis aries 498 rod 348 spP02700 
44 sgbP501 c sand goby Pomatoschistus minutus 501 rod 352 bbs113148 
45 sqLFP493 M squid Loligo forbesi 493 rhabdomere 452 gbX56788 
46 sqTPP480 M squid Todarodes Pacificus 480 rhabdomere 448 bbsl24052 
47ss0PS Ar p. mantis Sphodromantis nd rhabdomere 376 gbX71665 
48 xenP502 c frog Xenopus laevis 502 rod 354 gbL07770 
49 zefP360 c zebra fish Brachydanio rerio 360 uv 354 gbL11014 
Retinochromes 

I bovRPER c cow Bos taurus nd retinochrome 291 c 
2squidRC M squid Todarodes pacificus 490 retinochrome 301 spP23820 

*Phyla are abbreviated: C, Chordata, Ar, Arthopoda, M, Mollusca. 
I Absorption maximum of visual pigments formed upon binding A1 or A2 retinaldehydes are taken from Lythgoe (1972), 
Hardie (1985), Britt et al. (1993), or original references cited with accession numbers. 
!Wavelength based on similarity to like-pigments. (t) Incomplete sequence truncated at COOH terminus. 
(a) Kawamura and Yokoyama (1993). 
(b) Sequences available from the author's laboratory. 
(c) Jiang et al. (1993). 
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the visual pigments (formed from opsins that covalently bind Al or A2 retinalde-
hydes). 

Analyses 
Two procedures for calculating relatedness of protein sequences were used. The first 
method provided an initial survey for the G-protein--coupled receptors that include 
opsins and a survey for relations among the opsins themselves. The work was carried 

TABLE II 
Database for G-Protein-Coupled Receptors 

File 
Phy- Common 

Organism Ligand Receptor 
Amino Accession 

!urn* name acids number 

1 dictcAMP Ac slime mold Dictyostelium cAMP cAMP 392 gbM21824 
discoideum 

2drmg5HT1 Ar fruit fly Drosophila serotonin 5-HT-1 564 gbM55533 
melanogaster 

3 drmgMUS_Ml Ar fruit fly Drosophila acetylcholine ACMl 722 gb M27495 
melanogaster 

4drmg0CT Ar fruit fly Drosophila octopamine tyramine 601 gb M60789 
melanogaster 

5drmgTACH Ar fruit fly Drosophila tachykinin tachykinin NKD 504 gb M77168 
melanogaster 

6hamJ3ADRl c hamster Mesocricetus epinephrine J3-adrenergic 1 417 emb!X03804 
auratus 

7h5HT1A c human Homo sapiens serotonin 5-HT-lA 422 gbM28269 
8hADEN..Al c human Homo sapiens adenosine adenosine Al 326 sp P30542 
9hADRalA c human Homo sapiens epinephrine a-adrenergic lA 501 gbM76446 

10hADRJ31 c human Homo sapiens epinephrine J3-adrenergic 1 477 gb 103019 
11 hlLS_l c human Homo sapiens interleukin-8 interleukin-8 350 gb M68932 
12hBK2 c human Homo sapiens bradykinin bradykinin 2 364 gb M88714 
13 hCCK.A c human Homo sapiens cholecystokinin CCK-A 428 gb Ll3605 
14hCCIU3 c human Homo sapiens gastrin CCK-B 447 gb L08112 
15 hDOPJUJIA c human Homo sapiens dopamine dopamine DlA 446 emb!X55760 
16hMUS_Ml c human Homo sapiens acetylcholine muscarinic Ml 460 embl X15263 
17 hNK.J c human Homo sapiens substance P neurokinin-! 407 gb M76675 
18 hNK2 c human Homo sapiens substance K neurokinin-2 398 gb M57414 
19hNK3 c human Homo sapiens neuromedin neurokinin-3 465 gb M89473 
20hOLFP07J c human Homo sapiens unknown olfactory 320 embl X64995 
21 hOXYR c human Homo sapiens oxytocin oxytocin 389 embl X64878 
22hSSL1A c human Homo sapiens somatostatin somatostatin lA 391 gb M81829 
23hTSHR c human Homo sapiens thyrotropin thyrotropin SH 764 gb M31774 
24mPGEP__3 c mouse Mus musculus prostaglandin prostaglandin EP3 365 gbD10204 
25mTRHR c mouse Mus musculus thyrotropin thyrotropin RH 393 gb M94384 
26rGUST27 c rat Rattus norvegicus unknown gustatory 312 gbD12820 
27 rOLEF3 c rat Rattus norvegicus unknown olfactory 333 gb M64376 

*Phyla are abbreviated: Ac, Acrasiomycota, Ar, Arthropoda, C, Chordata. 

out with a package of programs written by D. Kaznadzey for Imagene (Imagene, 
Chicago, IL). The programs provide very rapid assessment of large databases, use 
dynamic alignment, comparison matrix scoring, and pairwise grouping according to 
the neighbor-joining method of Saitou and Nei (1987). The alignment was carried 
out according to Myers and Miller (1988) based on the methods of Gotoh (1982) and 
Needleman and Wunsch (1970). Gap initiation parameters (gip) and gap extension 
penalties (gep) were adjusted to maximize the similarity scores for alignment. Four 
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scoring matrices were tested: the mdm78 matrix of (Fig. 85, Schwartz and Dayhoff, 
1978), the mstge structural and genetic matrix of Feng, Johnson, and Doolittle 
(1985), a genetic code matrix (Smith, Waterman, and Fitch, 1981), and a unitary 
matrix (Doolittle, 1981) based on scoring 1 for identities. The utility of these matrices 
have been evaluated previously by Feng et al. (1985). 

In the second procedure, a specific alignment of sequences was used with 
programs for analysis of molecular sequence data provided in the PHYLIP package, 
Version 3.5c, assembled by Felsenstein (1989). The sequences were initially aligned 

bOZII:)loq• 

diataANP )Gl.U)(INpANJ: TSLVLLLI'ADPSSMI.GaG.VLIGJ!W-- -RLltLLRHIIV'l'l 
hADDI_Al MPPSXSAFQ AAYIGISYLIAI.V-SYPGHYLVIWAV- -XYRQ~U.RDATF---

bOLPP07J ICLLCP'RPGNQSMitRBNF'rLI'ltiFVJ'QGFSSIRIQQ I'l'LI'GVFI&l'IL-'l'LAGHIIIV'l':U:- RIDI.RLII'l1IM!'----
r.OLF P3 M>SSHRl'RVSEFLLLG!LQ PLIYGI.I'LSMILV-'l'YIGRISIIVAII -SDPCLKT11Ml'----
~'i2'l KII.IIC IIPI'SGLPLSHILV-TYLGRLLIILA.VS -Sif~----
mPGBP 3 ~ST'l'DDC GSVSVAI'PnHNlGI"YGRALllVS RSYIUUUISlalDSBL 
hADRciiA ~VQHS'l'S'l'AAVGGLWSAQ GYGVGYJ'LAAI'IUIIWMNLLVILSVA -CIIRIILQTV'l'lf----
bADR&Jl IGAGVLVLGASUGRLSSAAPLPDGAM'AARLVPASPPASLLPPASESPBPLS(lgtl' TAGIIJLUIIU.IVLLIVASIIVJ.VIVAIA -ErPRLQTL'l'H----
~ IGPPGRDSDFLL'l"DfGSRYPDHDV'l'BBRDBAJf wtaa.IIHSVIYLA.IVl"GVITAXA -DERLQ'l'Y'lR----
h5HT1A ti:JYLSPQQGl01T'l'SPPAPl"RTGCB1"'1'GISDYTYSY QVITSLLimLII'CAVI.GilACYYlU\IA -I.BB.SLQNVAM----
dDagSBTl MALSGQDWRRBQS8RIIRNH[84 -]GSYGLASHNSSPIAIVSYQGITSSJILGDSift'TL~T SIPVSIVLLIVILG1'VWIWLVCD..VC -MVRKLRRPCR----
bDOPA DlA MR'I'LN'l'SAimGVVBRDPSV RIL'rACI'LSLLILS'l'LLGH'l'LVCAAVI -R:PRBLRSlWl"H---
~ MPSADQILPYHVT'1"1'VA[32 -JAVAVANISGSLVEGLT'NTAALSTAQADKDSAGBCBGAVBBLHASILGLQLAVPnB ALL'l'ALVLSV'IIYL'l'IIGHl:LVILSVF -'l'!KPLRlVtJI----
dcagi«JS _MI. MrGNQ'l'HGTIGI'B'l'!C:GPR!'SLAS MYVNHVAAILS'l'Y'1'VAGHYMIISI'K - IDltQLQTISN----
bKJS M1 MfTSAPPAVSPHXTVIJ\IIGKGl'MIQ VUIGI'r'l'GLLSLA.'l'Y'MHLLVLISFK -VRTELKTVHN----

bBK_'i KlBV'rLQGP'l'LNGTFAQSXCPQYDLGNL liTI~IPYLSVFC -LHICSSC'l'VAB----
hCCK A MDVYDSLLVHGSNITPPCELGLEHITLFCI.DQPIIPSICBWQ PAVQILLYSLII'LLSYI.Gin'LVI'l'VLI -RRDMR'1'Y'l'H----
hCCK-8 M&LLJCLNRSVQG'rGPPGASLCRPGAPLLHSSSVGHLSCEPPlURGAG'l'RB LURI'l'LYAVII'IMSVOGleiLIIVVLG -L.!IRRLR1'VTI!I----
drrlr:ji.AOI MSBIVD'rBLLVNC'riLA.VRRJ'ZLNSIVNT'l'LLGSLNRTBVVSLLSSilDHRDift.BSDIBMDFLTECLPPSPTRPYJ:LPMBQ Jt"l'IWAII~IVLWIY'l' -GHRSMR.'l'V'l'H----
hNX 1 MDHVLPVDSDLSW'IS'l'NTSBPNQFVQPAWQ IVLWAAAY'l'VrVV'r~IL -AHli:RMR.'l'V'f----
hNX-2 )G'l'CDIV'l'BANISSGPBSHT'l'G'rAFSNPSWQ LALWAPAYLA.LVLVAVTGNAI'VIWIIL -AIIRRMR'lV'l'H----

bNJt:3 MA'rLPAAB'lWIDGGGGVGI\DAVKL"rASLJtAGM.'l'GA.W'l'GWLQLLDQAGHLSSSPSALGLPVASPAPSQPRANL'rNQJ'VQPlnm IALWSLAYGWVAVAVLGNLIVIWIIL -~----
hOX!ll MII~GIUlTAGPl'RRlUAI. ARVBVAVLCI.ILLI.AI.SGHACVLL -T'l'RQiaiSRLJ'----
hSS1" 1A Mr'li'NCJ'l'ASSPSSSi'Si'SPGSCGBGGG~G'rLSBGQGS AILISFIYSYVCLVGLCGIISHV'IYVIL -RY.UMlt'1'A1'1l----
hTni MRRAOLLQLVLLLDLi'RDLG[337 aa]&QZDBIIGI'GQ!ILJQ{lJQBB'l'LQAi'DSHYDY'l'ICGD~DD D!"LRRVVWW'VSLLALLGIIVFYLLILL -TSHYPJ.NWR----
atl'RHR MIHD'l'VSJ!HIQ'l'BLQPQM.VAI.BY aw'tiLLWIICGLGIVGHIMVVLVYM -RT!CIIMR'l'P'l'----
hiLB_l MSNI'l'D19CWDFDDUII"rQ(PPA0EDYSPOG'..ET.I.'l'Llf KYVVIIAYAI.VI'LLSLLGNSLVNLVZL -YSllVGRSV'l'D----
bovP498 MRG'l'KGPRF!VPP-----~ I'SMLAA1HI'LLIMLGI'i'INFL1'LYV'l'V -QHKICLRTPUI----
xanP!!i02 lefGT.I.GliiQ'!VliM-----Siflt'l'GYYRSPmYPQYYLABPWQ YSALMDG'LLILLGLPDfiMrLI'V'l'I -QHIIJQ.ll'l'PUI----
c=bkP503 tlfGTBGI:PF!VHI-----SHil'l'GVVRSPFBYPQYYLUl'Mit I'SALAADIIIILILLGJ'PYIIJ'LTLYV'l'I -QHDLR'l'i'IB----
z:eflt3f.i0 IMCJ'RGPAnVPM-----SNA'fGVYRSPJEYPQHLVAPIIA. YGI'VAA.YNI'I'LII'fGi7YIO"L'fLYV'l'I -ZHKKLR.TPL~~----

lllpP497 ~----SNl\"l'GLARSPYYPQY'YLABP'Rit YSAlAUMI'J'LIJ,WJ'li'YRFL'f'Li'Y'I'V -QIIKII:LR'rPUI----
goDSOS IMG'DGIQIITYPM-----SI!IRI.'GLVRSPPBYPQYYLABPMQ ntiLALYLI'I'IJISNiLIIDGLTLVYTA. -QIIIIla.RQPUI'----
~467 IMCJ'l'BGIHFIVPL-----SRK"l'GLVRSPFBYPQIYLADI'IIk ~'l'LI'Y'l'F -QRKKLRQPUf----
ahki'45.5 !oiiPi'RP'l"l'LPBDI'I'IPHIWlAP-Ifi"r--ALSPFLVPQ'l'BLGSPGL IRIMMJIII'LLIALGVPDITLTI!CTA -RFRKLRSIIUI----
chkP415 M--SSDDDI'I'LF------TRGS--VPGnDGPQYBIAPPWA. I'YI.Q'l'AIIGIVI'AV9'ri'LJIAVYLWV'l'V' -RBRLRQPIB----
bUIIIP42f.i MRKMDDI'I'LF------DIS--SVGliWDGPQYRIA.PYIIA rrLQlAIIG'tYI'LIID'PLRAMYLVA'l'L -RY.DLRQPUI----
~521 Kl'&ANHY11.~---RGRfBGliHYRIAI'RJW YHLVSFIIIIIYYZASCP'l'IIGLVLVA%A -ltl!'Kl(LRJUILN----

chkP571 MM.WB-AAI'AARRIUIDBD'SVFlT'l'HSNHT---RGPI'RGPNYJIIAPRWV YHLTSWMIJ\IVAUYP'rHGLVLVAft -D'IQICLRIIPUI'----
hwaP557 MllAQWSLQM.AGitiiPQDSYBDS'lQSSIFl'Y'l'NSNST---BGPI'BGPHYIIIAl'RWV YRL'l'~VLAADI -lD!ZKLRBPIB----
dJ:m;IUil MBSFAVAAAQLGPBJ'APL---SIIGS-VVD--KV'l'P-DIWILISPYWNQJ'PAK)P':nt' AICXLTADCDD:caG:SW03KGVVIYIFA -"n'lt9LRrPAII----

~ MBRSHLPB'l'i'i'DLABSGPRI'QAQ-SSGifGS-VLD--NVLP-DIWILVNPYWSRPAl'K:IIHil Sla:LGLI'TLJ.lXIISCCQRGVVVYii'G -Cil'KSLR'l'P.Aif----
dnlglQI3 MBSGRVSSSLI'GIIVSTALRP--&ARLSAB1"R--LL-GWNVPP-EELRHIPKHWI.'1'tPBPP&SM NYLLG'l'LYIJ'l'TIMIIMLGRGLVIWVFS -AADimi'SN----
dJ:m;IUI4 MBPLQtMBPPLIW--&Ail-SSGHGDLQFI.GWRVPP-OQIQYIPUWL'rQLBPPASM RDCLGVI'YIJ'LI'CU'1'WilGM -'I'SICSLR'l'PSH----
hcz:P520 MMQLSYSSLGMPYQIIIIAS-VVD---DIPDNLDaBBHWrAJ'PPMNPLW YSILGVAMIILGII~ -"n'lt9LRl"P'''!f----
oct.P47S MVBS'l"''LVNQ'l'-----wwmP"l'---VDIRPHWADDPIPDAV YYSVGIPICJVWIIGILGNGVVI!LPS -ll'l'ltSLQ'l"P.Aif----
bovRPBR M----AKSG'I'----------------------L11'1'GPGBI.& VLA.VG'rYI.LVKALSGLSL1fiL1"ILSI'C -J:'l"PKLR'ri'SH----
aquidRC M-PGD-AMT----------------------GLHQJ"l'MNB HYFl'GSIYt.VLGCVYI'S:r.oM:III'LA. -SPICPRRit-------

Figure 1. Amino acid sequences and alignment of G-protein-coupled receptor sequences 
used in the distant matrix evaluation of pairwise relationships. Alignment was achieved with 
McCAW and some regions were adjusted to improve alignment locally. For several members, 
long inserts of sequence noted by the number of amino acids (aa) are omitted. The regions of 
sequences used for distance comparisons are noted by the lines above the data. The overlying 
line labeled homologs indicates regions of amino acid sequence used for evaluations presented 
in Fig. 2. The line labeled opsins indicates the regions used to generate relationships in Fig. 3. 

with McCAW, a program for multiple alignment construction (Schuler, Altschul, 
and Lipman, 1991), obtained from NCBI. Further minor local alignment was carried 
out by eye. The alignments of the receptors and selected opsins are shown in Fig. 1. 
The portions of the sequences used for calculations are indicated by lines above the 
sequences presented (Fig. 1 ). The distance matrices were calculated with PRODIST 
which uses the Dayhoff PAM 001 matrix (Fig. 82, Dayhoff, Schwartz, and Orcutt, 
1978). Pairwise grouping was performed with NEIGHBOR using the neighbor
joining method of Saitou and Nei (1987) and trees drawn with DRAWTREE. The 
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order of sequence entry was assessed with calculations using different entry orders 
and by conducting randomized order of entry. No effect of order was observed. To 
provide indices of significance, the method of bootstrap resampling (Felsenstein, 
1985, 1988) was applied to generate multiple (n = 100) randomly resampled data 
sets from the initial specified alignment. For each set, distance matrices were 
calculated with PRODIST and pairwise grouping generated with NEIGHBOR. A 
consensus tree for the 100 sets was generated with CONSENSE. The later program 
produces values indicating the number of times pairs appeared in the 100 trees 
calculated. Values below 50% are not reliable indicators of paired relationships; the 
program generates branches of the tree in which the consensus is less than 50% 
simply to fill out the tree with all sequences being assessed. No consideration of 
branch lengths was made in this work. 

homologs 
opaina 

die""""' 
hADBN_Al 
hOLFP07J 
rOLF F3 
roosT21 
mPGBP 3 

"""""lA 
hAI>Rjll 
homj)ADR1 
hSHTlA 
drmgSHTl 
hDOPA_DlA 

""""""' ci=IQMUS_Ml 

"""' Ml ..... 
bcci_A 
hCCIC B 
._:iACR 

"""' --· _-, 
hOxiR 
hSST_lA 
hTSHR ........ 
hiL8_1 
bovP498 
xanP502 
chkP503 
zefP3C50 
lllpP497 
gofPSOS 
gecP467 
cbkP455 
chkP415 
hwaP426 
gecP521 
chkP571 
humPS 57 ...._, -.._ .. , -· hc~:p520 

ootp475 

aqu:l.dRC 

triUUia.llbr~a 2 trarumad;)z:ane 3 tran~rane 4 
CFCA"l'SFCICDFPSTILTL'l'NTA- --------------VHGGFPCY LYAIVl'l"rGSFACw.LW"lLCLAA SIDa.IVKRBPBPBRP'Bit- -- rY'YLLCMGLl'LISTIVMI.MN -------------
CF'IVSLAVADVAVGALVIPLIUL ----INIGPQTY-----FHTCL ~ILTQSSI:t.AI.LAIAV DRYI.RVKIPLRDMVV'l'PR RAAVAZIItiQifiLSFVVGLTPMI!'GW -NNLSA.VZIWIAAHG 
FFLSMr..STSETVYTLVILPRMLS -----SLVQ(SQP--MSLAGCA ~l'l'lfCFLLTAMGY DRYVAic:tfPLRYMIIDoBD LR.IQLVLGACSIGLIVAITQYTSV ---------FRLPI!C 
FFLSNLSI'VDICFIST'l'VPJ{MLV -----NIQTQNNV--ITYAGCI TQIY!'FLLFVBLDHFLLTIMM' DR.'!WU:CHPMK'l'l'VIMKY LCGn.VLVSWIVSVI.BAIJ;'SDM --------IALPFCT 
FFLSNLSFVDICFISTTIPKMLV -----NIHSQ'l'I<D--ISYIECL SQVYFL~'l'UQC DRYVAICHPLNYTV'IMNLQ LCALLIUG'WLIMFCY'SLIHVLLM --------NELNFSR 
LCIGWLALTDLVGQLLTSPVVIL ---VYLSQRRWBQLDPSGRI.C'I' FFGLTM'l'YFGLSSLLVASAMAV BRALAIRAPJIWYASHMK'l'R -ATPYLLGVWLSVLAEitJ.iLPVLGV ------------GRY 
YFIVNLAVADLLLSA1'\ILPFSAT -----MBVLGFWA--FGRAFCD VWAAVDVLCC'l'ASILSLC'I'ISV DRYVGVRHSLJcrPAIMl'BR KAAAILALLWVVALWSVGPLLGW -------------0 

LFIMSLASADLVIGLLVVPFGA'l' -----IVVNGRWE--YGSFFCE LW'l'SVDVLCVTASDTLCVIAL DRYLIU:TSPFRYQSLL'l'RA :RARGLVCTYNAISALVSFLPILMH ------------WRR 
YFITSLACADLVM3LAVVPFGAS -----HILMliMMN--FGNFWCE twl"SIDVLCV'l'ASIETLCVIAV DRYIAITSPF!CYQSLLTIQI' Dm!VXIMVWIVSGLTSFLPI(IGI ------------WYR 
YLIGSLAV'l'DLMVSVLVLPMAAL -----YQVLI!Ilaft'--LGQVTCO LFIALDVLCC'l'SSILIILCAIAL DRYWAI'l'DPIDYV'NJ(RTliR RAAALISL'lWLIGFLISIPl'KLGW ------------RTP 
YLLVSLALSDLCVALLVMPMALL -----~--FGPLLCD IWVSFDVLCC'l'ASILNLCUSV DRYLA.ITKPLEYGYKRTPR JUoftLCYGIYWLAAACISLPPLLIL -----------GNEH 
FFVISLAVSDLLVAVLVMPRKAV -----AEIAGFWP--FGSF-af IWVAmiMCSTASIUfLCVISV DRYWAISSPFRYBIUQft'llll: AAFILISV»n'LSVLISFIPVQLS WHKAI(pTgpSDGHA'.r 
FFIVSLAVADLTVALLVLPPHVA -----YSILG1U'1'8--FGIHLCIC LWLTCDVLCCTSSlLNLCAIAL Dit.YWAI'l'DPINYAQKR'l'VG RVLLLISGVWLI.SLLISSPPLIGW -----------liDWP 
YFLFSLAZADFAIGTISMPLFAV -----'l"l'ILGYWP--LGPIVCD 'l'WLAUIYLASNASVLNLLIINP' DRYFSV'l'RPL~ R-AAVMIGAWGISLLLWPPNIYSW ----------PYIBG 
YFLLSLACADLIIG'l'FSMNLY'l"'' -----YLUGHWA--LG'I'LACD LWLALDYVASNASVMNLLLISF DRYFSVTIU'LSYRAICR'l"PR RAALMIGLAWLVS!VLWAPAILFH ----------QYLVG 

IYLGNLAAADLILACGLPFWAIT -----ISNNFDWL--FGETLCR VVNAIISMHLYSSICFLMLVSI DRYLALVIC.'i'MSM3RHRG WAKLYSLVINGC'l'LLLSSPMLVFR ---------TMKBYS 
IFLLSLAVSDI.MLCLJi'O!PFNLI -----PNLLKDFI--FGSAVCK 'l."l"l'Y!M3TSVSVSTFNLVAISL ERYGAICKPLQSRVWQ'l'XS IIALICVUM'WCLSF'I'IM:rPYPIYS --------BLVPF'rlt 
AFLLSLAVSDLLLAVliOG:'FTLL -----PNIHM'FI--FG'l'VICK AVSYIHWSVSVS't'LSLVAIAL ERYSAICRPLQARYWQTRS ~ ------------VVQ 
YFLLNLSlADLLMSSLHCVFHFI -----JMLNSDWP--FGSil'C'I' INNFVANV'l'VSTSVFlLVAISF DRYIAIVDPLI!lUl'lsmut- -VRllLVLIMALSCVLSAPCLLYS --------SIMntQY 
YPLVNIAPAEASMMPHTVVNF'I -----YAVHN&WY--YGLFrCK i'HNFFPIAACFASIYSM'l'AVAF DRYMAIIHPLQPRLSA'l'-- ATI!NVI.cvnrvr.ALl.LAFPS -------------'1"1' 
YPIVNLALADI.CMAAnfAAFHPV -----YASHNIWY--FGRAFCY FQNLPPIT.AMFVSIYSM'lAIAA DRIMIUVHPFQPRLSAP-- STJtAVIAGIWLVALALASPQCFYS -------------TV 
YFLVNLAFSDASMAAFNTLVHFI -----YALHSZWY--FGANYCR I'QNP'FPITAVFASIYSM'l'AIAV DRYMAliDPLKPRLSAT-- A1'l(IVIGSIWILAFLLAP'PQCLYS -------------rr 
FPMlOILSIADLWAVFQVLPQLL -----WDITI'RFY--Gii'DLLCR LVKYLQVVGMFASi'YLLLLMSL DRCLAICQPLRSLRRR--- 'l'DJU.AVLATWLGCLVASAPQVHIF ------------SLR 
IYILNLAIADELLMLSVPFLVTS ------TLLRRWP--FGALLCR LVLSVDAVNMFI'SIYCL'l'VLSV DR.YVAVVHPIXAARYRRPT VAlCVVNLGVWVLSLLVILPIVVFS ------------R1"A 

FlloDlLAFAD!'CMOMrLLLIASV DLYTHSBnNHAIDWQTGPGCN TAGFFI'VFASELSVYTLTVITL ERHYAI'I'FAMRLDlUallliR IIACAIMVGGMVCCFVGI ------------SSY 
CYLVSLAVMJLMVLVAAG.LPHIT 0----SIY-GSWV--YGYVGCL Ct'l'n.QYLGIHASSCSI'rAPTI ERYIAICHPilO\QPLCTI'S RAIQCIIIFVNAFTSIYaa.wFFLL --------DLHISTY 
VYLLNIALADLLI'ALTLPIWAAS -------ltVHGWI--FG'l'FLCK WSLLDVNFYSGILLLACISV DllYLAIVHATR.TLTQJCRH- LVICFYCLGCWGLSMNLSLPFFLFR ------------QU 
YILLHJ.AVMJLniiiFGGFT'l'TLY -----TSLHGYPV--FGP'l'GClf LBGFFATLGGKIALWSLVVLAI ERYVVVCKPMSNP'R-~VGW ------------SRY 
YILLHLVFANHDIYLCGFl'Y'l -----TSHIIGYF!--FGPTGCY IBGFFATI.GGZVM.WSLVVLAV lilY~- RAII!GVAF'l'WIMSCAAPPLFGW ------------SRY 
YILLNLVVADLiMVFGGFl"l"lM -----TSMN'GYPV--FGVTGCY IEGFFATLGGEIALWSLVVLAV KRYVVVClCPMSN!'- HJI.l)I;IIA1!'~PLFGW ------------SRY 

YILLNLAIADLPMYFGGF1"1"1' -----TSLHGYFV--FGRLGCN LEGFFA'l'LGGE!GLKSLVVLAI ~-~SCAVPPLVGW ------------SRY 
YILLNLAM11NLncYLFGi"l'V'I.M -----TSMNGYFV--FGP'IM:S IEGFFATLGGBVALWSLVVLAI ERYIVICKP!GNFRFGNT- ~PLVGW ------------SRY 

FILVNLAVAGTIMY'CFGFl'VTFY -----TAINGYPV--LGPTGCA. VEGJMA'l'LGGEVALWSLVVLAI BRYIVVCI(liKJSi'JI:FSSS- HAFAG:tAF'IWY!GLACAAPLFGW ------------SRY 
YILVNLAAANLVTVCCGFI.'VTFY -----ASW'!AYFV--FGPIGCA IEGFFA'l'IGGQVALWSLVVLAI ERYIVICKPtGHFRFSM'- HADGIArl'WIMIU.ACAG ------------SRF 

YILVNLALANLLVILVGST'l'ACY -----SFS(»>YFA--LGPTACK IBGFAATLGGMVSLWSLAVVAJ' KRFLVICDLGHPTPRGS- HAVLGCYA'l'li9VLGFVASAPPLFGW ------------SRY 
YILVNISASGFVSCVLSVJ!VVFV -----ASARGYFV--FGlCRVC.I!: LEAP'VGTHGGLVTGWSLAFLAF ERYIVICICPFGNFRFSSR- HALLVWA'l'WLIGVGVGLPPPPGW ------------SRY 

YILVNVSFGGFLLCIFSVFPVFV -----ASCNGYFV--FGRHVCA LBGP'LG'l"VAGLV'MWSLAFLJUI' ER!'IVICKPFGHIRPSSX- HALTVVLll.'l'llfTIGIGVSIPPPFGW ------------SRP 

WILVNLAFYDLVETI.VASTISVF -----NQIFGYFI--LGHPLCV IBGYVVSSCGITGLWSLAIISW' ~DIPDS!t- LAIIG~IP'GW ------------SRY 
WILVNLAVADLGBTVIASTISVI -----liQISGYFI--LGHPMCV VEGYTVSACGITALWSIJUISW' ~IKPDGK- LAVAGILJ'SWLWSCAWTAPPIFGW ------------SRY 

WILVNLAVMJLAETVIASTISIV -----NQVSGYPV--LGHACV LEGYTVSLCGITGLWSLAIISW ERWLVVCI:PP'GNV'RFDAlt- LAIVGIAFSWIWSAVW'l'APPIFGW ------------SRY 
LLVINLAISDFGIMIT-lfTP!IIIG ----Dft.YFBTWV--LGPN!ICD IYAGLGSAFGCSSlWQCHISL DRrQVIV!CGMAGRPMl'IP- LALGJCIAYIWIMSSIWCL11PAFGW ------------SRY 
LLVLNLA.FSDI"CMQS-QSPYMI ----Ilfli'YYE'l'WV--LGPLWCD IYAGCGSLFGCVSlWSM:MIAI' DRYNVIVItGINGTPMl'IK- TSIMtaU:netm.VFWTYMPLIGW ------------SAY 
ILVIliLAFCDDHW--ltTPIFI ----YNSI'HQGYA--LGHLGCQ II'GIIGSY'l'GIAAGA'l'NAFIAY DRftWITiiHIBGI:-MrHG- ltAIIIMIIFUMYATPtlVVACYTBT -----------WGRP' 
KFVLNLAVFDLD«::L--ltAPIF- -----liSFHRGFAIYLGHTNCQ IFASIGSYSGI~GY DJLYNVI"''lCPMN-RNMrFT- lCAVDifiiiWLYC'l'PWVLPLTQF -----------WDRF 
LLVVNLAFSDJ'aoiGIM-MP'IMT ----SliCII'AE'lW-I-LGPJi'tCB VYGMAGSLFGCASIWSMYMITL DRYNVXVRGMMAPLTH!t- lCA'lLLLLFYNIWSGGWILPFi'GW ------------SRY 
MFIIHLAMSOLSFSADfGFPLitT ----ISAnaaCW-1-FGXVACQ LYGLLOOIFGFMSili'DOMISI DllYNVICJlUIMAA.SiaCMSRR RAFUIII~IVWSVGPYi'RW ------------GA.Y 
LLVLSLAIADSGISLHAL--VAA. ----TSSLLRRW-PY-GSEGCQ AHGFQG!VTALASICSSAAVAW GRYHHi'CTRSRLDW---N- TAVSLVFI!'YNLSSAI'WAALPLLGW ------------GHY 
YAILIHVLITA-MAVNGGDPAHA ----SSSIVGRM'-LY-GSVGCQ Ll«iFWGFFGGM5HlliMLPAJ'AM BRYMAVCHRBFYQO:-MPSV YYSIIVGLMYTJ'GTPWAT ------------ASY 

Figure 1. (Continued) 

Results and Discussion 
The principle criterion by which receptors are assigned to the G-protein-coupled 
receptor superfamily is the presence of seven transmembrane membrane spanning 
regions in a single polypeptide chain. As indicated in Fig. 1 and observed in the 
sequences aligned by Probst et al. (1992), the seven hydrophobic helical domains are 
relatively uniform throughout the family. Some selected residues that are highly 
conserved anchor the alignment. For example, the Asn(N) residue in transmem
brane 1, the cys(C) residues in loop 2-3 and loop 3-4, and the AsnPro(NP) residues 
in transmembrane 7 provide guidelines for alignment and illustrating similarity. 
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However, no residue is invariant in the greater superfamily. In contrast to the 
uniformity of the transmembrane domains, the amino- and carboxyl-termini, as well 
as the intervening extracellular and intracellular loops are highly variable (Fig. 1). 
The overall configuration of the receptors makes it difficult to align the more distant 
members of the superfamily and poses the problem of which subregions should be 
chosen for comparison. In general, the subgroups of the superfamily show -15-25% 
identity to one another. The invertebrate opsins are related to vertebrate opsins by 
25-35% identity, the rod and cone opsins by 40--50% identity, the rodlike pigments 
by > 80% identity, and the mammalian rod pigments by > 93% identity (Applebury, 
1987a; Okano et al., 1992). 

homologs 
opsins 

tranai!IGiftlrane !5 tranaDIIBIIbrane 6 
dictcAMP 'l'VQFVGHWCNIG-------------- VSFrGYRFGLFrGPI"LFDfAASAV LVGLTSRYTYVVIHHGVSD-------------------RKEKKLTYQF J(LilfYIIVI'LVCWVFAVVNRIWGL 
hADBN _ Al SIGEPVDCEFE--------EVISMB 'XMVYFHFFVWVLPPLLIMVLIYLJ: V!'YLIIUI:QLNXKVSASSGDPQX----------------YYGICEIJCIAJC SLALILP'Li'ALSWLPLHILNCITI.F 
hOLFP07J ARKVPRFFCDIRPVMKLSCIDT'l'V'NB IL'I'I.IISVI.VLVVP!oGLVFISYVL IISTIL--------------------------------KIASVEGRKK AFATCASHLTVVIVHYSCUIAYLIC 
rOLF_ F3 HLEIPHYFCBPNQVIQLTCSOAFLND LVIYF"fi.VLIJU'VPLAGII'!SYFK lVSSIC--------------------------------AISSVBGJCD:: AFSTCASBLSVVSLFrCTGLGVrLS 

rGUST27 GTBIPBFFCELAQVI.KVANSDTHINN VliM!VV'l'SLI.GLIPM'l'GILMSYSQ ZASSLL--------------------------------:KMSSSVSXYK AFS'l'CGSHLCVVSLFrGSATIVYFC 
mPGBP _ 3 SVQiifPG'l'MCFIS-- -----TGP.AGHB 'l'DPAREPGSVAFASAFACI.GLIAL VVTFAOIIATIKALVSRCRAJCAAVSQ.SSAQ-- ---- --WGRI'l"'ll!:TAI Q.UGIM."VLSYCWSPLLDICLJ(MIF 
hADRalA PVPPDBRFCGIT-----------EEA GYAVFSSVCSFrLPHAVIVVMrCR VYVVARS'l"l'RS~IVYLRIR[31 aaJKFSRDC!CAAlC 'rLAIV'YGViVLCWFFFVLPLGSL 
hADRIJl AESDEARRCYND----PKCCDFVTNR AYAIASSWSF!VPLCIMQVYLR VFREAQ!CQVDIDSCERRFLGGPARPPSPSP[37 ;u.)VALRBQKAL!t "rLGIDGVn'LCWLPFFL11 
haJaPADRl ATRQ1(AlDCYIIli:----E'l'CCDFFl'NQ AYAIASSIVSFYVPLVVMVFVrSR VFQVAERQLQI(IDXSBGRFHSPNLGQQDG[ll aa]FCLDRKM.JC TLGIDEl'Fl'Laa.PFFIVNIVHVI 

h5HT1A EDRSDPDACTIS-----------ICDH GY'!'IYS'l'P'GAFYIPLLIMLVLYG.P. I~GADTIUIGASPAP[87 ;u.)ALAII.ERlcr'VK TLGID«n'FILCWLPFFIVALVLPF 
clnag5HT1 EDBBGQPICTVC-----------QNF AYQIYATLGSFYIPLSVMLFVn'Q I~G'l'GSPSA[69 aa)QLAIQUClQS'l' 'l'LGIDISAF'l'VafLPPFLAI.IRPF 

hOOPA DlA SIJI.E'l'IDNCDSS-----------LSR 'l'YAISSSVISFYIPVAIMIV'!'Y'l'R IYJUAQXQIRR.IAALBRAAVHAJQICQ'l"l"l'GN[15 a&)SP'!tRE'l'!tVLK 'l'LSVDG\Ili'VCCHLPFFILNCILPF 
~ DEF'I'SA'l'PCELT-----------SQR GYVIYSSLGSFFIPLAIM'I'IVYIZ IFVATRRRI.RERARANltlALltS'l'ELEPM[197aa)SLSitBRRAAR 1'LGIIH;VFY'IctfLPi'P'UftVILPF 

drmgMUS _ M1 KRTVPJ(DECYIQ-- ------FIETNQ YITFGTALAAFYFPYTIM:PLYWR DIRETlCKRQKDLPHLQAGIOO)SSDSNSSDJ: [38 4;u.) EKRQKSKAAIC TLSA:ILLSFII'l'W'l'PYNILVLIIIPL 
hMUS _Ml ER'I'MLAGQCYIQ---------FLSQP li~YWR IlR!.TZNRARELAALQGSZTPG!CGGGSSSSS [114aa] SLVli:ElCICMR TL!IAILLAFIL'IWI'PYNIMVLVSTF 
hBK_2 DEGHNVTACVIS---YPS---LIW&V Fl'NMLUfWGFLLPLSVITFC'DC! ~------------------------EIQ'I'ERRATV LVLWLLLFIICHLPFQISTFLDTL 

hCCK_A 

hCCl< • 
.m.,T.,. 
hNK_l 
__ , 
h!IK_3 
bOXYR 

hSST lA 
hTsHi 

hiL8_1 

bovP498 
xenP502 
chkP503 
11:efP360 

l.JtpP497 
gofP505 

gecP467 
chkP455 
chkP415 
bumP426 

geeP521 
chkP571 

humP557 
drmgRHl ._.., 
"=JRH3 -· hcrP520 
octp475 
bovlU'ER 

squidRC 
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YNGKSJa'VC'f!oM-WPDGRYPTSM11DY AYNLIILVL'l'TGIPMIVMLICYSL M3RVPGGSRSIGBN'l'DR(JG!!------------------SMICSKRKVVR MFIAIVSIFAICHLPYBLFFIYAYH 
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EWtDGYmCNAV-- ----FIQPWGPIC AYI'IWITIAVYIVPVIVLA'l'CYGL ISPKIWQNLRLIO'AAAAAAEAPEGAAAGDGG [ 12 ;u.] ISlCAKIR.TVII: M'l'PIIVLAFIVCiil'l'PPF'FVQMWSVW 
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Figure 1. (Continued) 

In this work, an exploratory assessment of relationships among the G-protein
coupled receptors and opsins, and the opsins themselves was carried out first. The 
method of dynamic alignment (Myers and Miller, 1988) was used with four different 
comparison matrices for scoring. Relationships among the proteins were produced 
by the pairwise grouping method of neighbor-joining (Saitou and Nei, 1987). These 
algorithms work well on large databases and can be carried out relatively rapidly. 51 
opsins (Table I) and some 40 related homolog receptors (27 presented in Table II) 
were evaluated together and as subgroups. The sequences were made to be the same 
relative length by truncating the NH2 and COOH termini to the full length of the 
opsins; in the case of muscarinic and octopamine receptors, the loop 5-6 was 



242 Molecular Evolution of Physiological Processes 

shortened as well. In the opsin subfamily, different regions (NH2 termini, central, 
COOH termini) of the sequences were independently analyzed for comparison of 
trees generated. 

Some consistent general relationships were observed that were independent of 
length of sequence examined, comparison matrix used, and alignment forced by 
changing gip and gap parameters. The opsins, the biogenic amine receptors (includ
ing muscarinic), the neurokinin receptors, the gustatory I olfactory receptors, the 
cholecystokinin/ gastrin receptors, and bradykinin/ somatostatin receptors formed 
independent groups in the larger superfamily. Other receptors such as TSH, TRH, 
oxytocin varied in their pairings. The opsins themselves segregate as retina-chrome-
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PSCHEPSI----------- LTYIAIJ!'LTHGNSAMNPIV'!A--- -FIUQDRY"rFLKI'RHDHFRCQPAPPIDBDLPBERPDD* 326 
PltSBHTRBH---------- DQLISV'lTl'YITPLLNPVV'YTLRH DVlmALCRAVGGXFS* 320 
SAANNSSQR.---------- SATASVMY'l'VVTPMYNPFIYSLIUf lmVlCSVLlQCTLCERSPPSLLHFFLVI.CHLPCJ'IP'CY* 333 
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N~CN SFLIAVJU.ASLNQILDPWVYLLLR ICILI.Ria'CQIIIDH'l'NYASSSTSLPCPGSSALZ«SDQLBR* 365 
FPQLJPSEG---------- VFKVIFNLGYI'NSCYNPLIYPCSS ~LWRVYGHHM'RAS'l'SGLRQDCAPSSGDAPPG[74 aa)PSAQIUIRLCP* 501 

HRBLVPDR----------- LFVI'FNNLGYANSAmPIIY-CRS PDJ!'IU(APQGLLcCARRAARRRHATHGDllPRASGCLARPGPPPSPGAASDDDDD{34 aa]RPGFASBSXV* 477 
QDHLIPJCB----------- VYILLNWLGYVNSAFNPLIY-CRS PDi"'UAA'QBLLCLRSSD.YGNGYSSNSNGitTDDGBASGCQLGQEKBSBIU.[26 u]RNCS'l'NDSPL* 418 

CBSSCHMP'l'L--------- I.Gft.IINWLGYSHSLLNPVIYAYIN KDFQHAP!Citii!CCKFCRQ* 422 

B'l'MHVPAS----------- LSSL!'LWLGYANSLLNPIIYA'l'IB RDFRKPPQBILYPRCSSIJI'l'l!oliiRBNQDQYGBPPSQRVMI.GDBRHGARBSFL* 564 
CGSGE'l'QPFCIDSN----- Tli'DVFV1fFGWAHSSLNPIIYA-:nr ADFRJCAJ!'STLLGCYRLCPATNNAIBTVSINNNGAAMI!'SSHHBPRGSISJCBan.[49 u]PI'l'QHGQHP'l'* 446 

CQTCCP'l'HK---------- FKNFI'l'WLGYINSGLNPVIYTIFN :W!RRAFDLLGIB* 601 
-'l"'l'CSOCIPTB-------- LWDFF'lALC':CINS'l'INPMSYALCN A'l'FRR'l'YVlUL'l'CKNH"l'RNRB* 722 

CKDCYPB'l'----------- LWBLGYWLCYVNS'l'IlfP!CYALCN JCAFRD'l'FRLLLLCRHOICRRRRJCIPl'CRPGSVHlttPSRQC* 460 
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D'l'ASABRRLSG'l'------- PISFILLLSY'l'SSCVNPIIYCIMN DP'RLGPMM'FPCCPHPGPPGARGBVGBBUGG'l"l'GASLSRFSYSBMSASYPPQ* 428 
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NNQVAS'l'KYVQH------- MYLGF!WLAMSHAMVNPLIYYWMN II:RFRMYFQRIICCCCVGL'l'RRRPDSP!CSRL'l'tOtHSSNRII'l'RAB'l'!CSQPi'JilUI'l'M[74 u]NPVELSPIC(JP 504 
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DANAPDAS---------- AHIIVMLLASLNSCCNPWIYMLP"l' GHLFHBLVQRFLCCSASYLZCGRRLGE'l'SASXXSI!lSSSI!'VLSHRSSSQRSCSQPSTA* 389 

ABQDDA'l'------------ VSQLSVILGYAHSCANPILYGFLS DNFitRSFQlULCLmH.lHAAEBPVDYYATAL!CS~SVJ:DFQPBNLBSGGYFRNG'l'C'l'SRI'l"l'L* 391 
NICPLITVSH---------- SlCILLVLFYPLNSCAHPFLYAIF'l' KAFQRDVFILLSKFGICICAQAQAYRGQRVPPKRS'l'DI~[29 aa] ISEEYMQ'l'YL* 764 
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HQGSBFGPV---------- Drl'LPAFFA!t'l'SAVYNPCIYIORI ICQFRHOII'l"l'LCCGICMPFE-BBBG--AS'l"'r-ASKT&ASSVSSSSVSPA* 354 

HQGSDFGAT---------- Drl'LPAFPAICSSALYNPVIYIIHf JCQI!'RNOII'l"'rLCCGEHPLG-DDBSG-AST---S!tTBVSSVSTSPVSPA* 353 

IQCGADFSAJC---------- PMAIPAFFSICSSALYNPVIYVLIB JCQFRNCML'l"l'IP'C!GEMPLG-DDB---SSTVSTu:rBVSS-----VSPA* 349 
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HRGRSFEVG---------- LASIPSVFSICSS'l"VYNPVUVIHf ]{QFRSCXL!CLLFCGRSPFG-DDBD--VSGSSQA-'l'QVSSVSSSHVAPA* 361 
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ICID-GLTPL---------- 'l"l'IWGATI'AIC'l'SAVDIPIVYGISH ~-DBPKPDAPASD---TE---'l"l'SBADSD.* 381 

GDlt'l'LLTPG---------- A'l'MIP~mPFVYAISH ~SSAVASTS---'l"l'QB----PQQ'l"'l'AA* 383 

GDICSLLTQG---------- A'l'MIPAC'l'CICLVAC'IDPFVYAISR ~GB----ISSAQS'1"1"'rQB----QQQ'l"l'AA* 378 
SSGTRL'l'PL---------- AT~SCYNPIVYGISB PRYJCAALYQQFPSLACG--SGBSGSDVICSBASA'1"1"1'--MBBICPICIPEA* 376 
GPABWY'l'PY---------- .MELPVLI'AICASAIHNPIVYSVSB PICFRZAIQT'lTPMLLTCCQ!'DEDCBDANDABBEVVASBSJmAA(Jo!D[73 u]QGYDHQAYQA.* 455 
.AOATSISPIC---------- L(JIIYPALIAICAVP"l'VKAMNYALG BMVHRGIWQCLSPQRRBRSRBQ--------------------------* 291 

HGGA.QLSHL---------- RGHVPPIM9XTGCALFPLLIFLLT ARSLPltSD'l'ltltP------------------------------------* 301 

Figure 1. (Continued) 

like opsins, mollusk (squid and octopus), arthropod, and chordate groups. Among 
the latter vertebrate opsins, general clustering of the rodlike pigments (including a 
set of rodlike green cone pigments), the blue and violet cone pigments, and the long 
wavelength red and green cone pigments is observed. These branches are consistent 
with earlier evaluations (Applebury, 1987a,b; Goldsmith, 1990). 

Variation in the trees produced is observed, however, among and within these 
groups. Alignment set by adjusting gip and gap affected the relationships; although 
the values were optimized to obtain maximal identities and minimal gaps, visual 
inspection showed that some pairs might be better aligned in local regions. Further 
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truncation of the NH2 and COOH termini, for which alignment is most difficult, 
changed the pairwise branching of groups, as did the selection of subregions of the 
opsin sequences in rod opsin assessments. The four comparison matrices produced 
different branching relationships. Variation was seen in branching between major 
receptor groups. The blue/violet opsin:s were sometimes paired with the red/green 
opsins and sometimes with the rod opsins. Among the nearly identical mammalian 
rod opsins, which have 93-95% identities, variance in pairs was also observed. The 
variance indicates that this family of proteins does not behave consistently under 
analysis with distance matrix methods, in contrast to the tyrosine kinases or globins 
analyzed by Feng et al. (1985). 

To fix some parameters in assessment, a specific alignment was adopted and the 
relationships were reevaluated with the PHYLIP package of programs assembled by 
Felsenstein (1989). A group of 27 representative G-protein-coupled receptors and 
21 selected opsins were chosen to evaluate the relationships between the opsins and 
the larger receptor family. The opsins were selected to represent the opsin groups 
generally observed in the initial survey. The database and alignment is shown in Fig. 
1. The overlying line labeled homologs in Fig. 1 indicates the regions of sequence 
used for analysis. The NH2 and COOH termini were truncated, loop 5-6 was 
restricted to its NH2 and COOH ends, and some insertions were represented by one 
or two residues rather than the whole insertion. The pairings were evaluated with the 
PAM-250(001) matrix (Dayhoff et al., 1978) available in the PRODIST program. 
This matrix has been shown to be appropriate for evaluating sequences of 20-30% 
similarity (Dayhoff et al., 1978; Feng et al., 1985). To obtain some index of 
significance for the branching, the bootstrap resampling method of Felsenstein 
(1985, 1988) was applied and n = 100 sample sets were generated from the primary 
data and their consensus tabulated. 

The consensus relationships produced for the homolog receptors and subset of 
opsins is given in Fig. 2. The values at the nodes indicate the number of times the 
sequences were paired in the 100 trees produced. As indices of confidence, values of 
greater than 60 mark pairs that are reliably consistent; values < 60 are observed for 
the same branches that proved variable in the initial survey. For the given alignment 
(Fig. 1) and adoption of bootstrap values of > 60 as a statistical index of confidence, 
the following relationships can be suggested from the analysis presented in Fig. 2: 
The opsins form a subgroup of receptors unto themselves. Other well-formed groups 
include the biogenic amine receptors and muscarinic acetylcholine receptors 
(AmineR), the gustatory and olfactory group (GusR and OlfR), and the neurokinin 
group (NKR). However, the pairing between any of these groups or other individual 
receptors whose pairings show low confidence values remains unresolved, as indi
cated by numbers of < 60 given in parentheses. The Dictyostelium cAMP receptor 
does serve as a reliable outgroup for the superfamily. Any one of the G-protein
coupled receptors would appear to serve as an appropriate outgroup for a more 
detailed analysis of the opsins. 

Within the well resolved groups, several subpairings show lack of statistical 
significance. To resolve some of these issues, the opsin subfamily was evaluated by 
itself. A larger database ( 49 opsins and 2 retinochromes) was assessed. The se
quences were truncated to the length of mammalian rod opsins (348 amino acids) as 
shown in Fig. 1 by the overlying line labeled opsins. Some minor refinements in the 
NHz- and COOH-terminal alignment were made upon the addition of more opsins. 
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The assessment of pairwise grouping was made with bootstrap resampling to 
generate n = 100 sets of randomly sampled data as described above. Hamster 
(3-adrenergic receptor (hamf3ADR1) was used as an outgroup to display the pairings. 
The consensus tree produced is given in Fig. 3. 

Some opsin pairings are resolved with assignment of a significant level of 
confidence upon the evaluation of the larger opsin database and additional sequence 
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Figure 2. Relationships among selected G-protein coupled receptors. The source of amino 
acid sequences and notations are given in Tables I and II. The inferences are generated using 
the fixed alignment given in Fig. 1, scoring with the PAM-250 (001) matrix of Dayhoff eta!. 
(1978) and the neighbor-joining method of Saitou and Nei (1987). To provide a statistical 
value of confidence in pairing, the bootstrap resampling method (Felsenfeld, 1985) was 
applied for n = 100 data sets. Scores are given at the node of the pairings. Confidence in 
pairing is apparent for scores > 60 which are marked with *. Values of < 60 given in 
parentheses indicate the appropriate pairing remains unresolved. Subgroups of receptors that 
are well formed are indicated at the right. The tree is unrooted, but constructed with the 
dictcAMP receptor as an outgroup. 

length used. The squid retinochrome and mammalian retinochromelike receptors 
appear to be more related to the invertebrate opsins and clearly form a pair of their 
own. The lamprey rod opsin (lamP497) is well paired with other vertebrate rod 
opsins and several pairings within the rod opsins are now more significant. However, 
the pairing of blue and violet cone pigments (gofP441, chkP455, humP426) with 
either the rod group or the long wavelength cone group remains unresolved. 
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Although the blue /violet pigments usually pair with the rods in single analyses, as has 
been shown by Okano et al. (1992) and Johnson et al. (1993), their pairing changes 
depending upon which region(s) of the sequence is sampled. Okano et al. (1992) has 
noted previously that the bootstrap scores are insufficient to resolve the relationship. 
It is disappointing that a level of confidence is lacking to indicate whether the 
blue/violet pigments might have been the ancestors of the rod pigments. No 
resolution is obtained for whether the chicken rod opsin ( chkP503) might pair with 
the mammalian rod opsins or the amphibian opsins. The human (humP498) and 
canine ( canP498) opsins vary in their pairing with other mammalian pairs. For the 
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Figure 3. Relationships among the opsin subfamily of G-protein coupled receptors. The 
inferences were generated as described in the legend of Fig. 2 and the Methods section. 
ham(3ADR1 was included in the calculations for reference. The tree is unrooted, but 
constructed with ham(3ADR1 as an outgroup for presentation. 

latter opsins, an analysis of the rod opsins alone was carried out (data not shown). 
The differences in Dayhoff matrix scoring within the mammalian rod opsin group is 
less than 1% (Dayhoff et al., 1978). A single amino acid change in alignment in the 
COOH termini can change the pairing. Thus, the pairing depends upon the align
ment chosen and which areas of sequence are compared. While the P AM-250 matrix 
(Dayhoff et al., 1978) has been found appropriate for scoring distantly related 
sequences (20-30% similarity) (Schwartz and Dayhoff, 1978; Feng et al., 1985), 
alternative comparison matrices should be explored to evaluate the highly similar 
sequences. 
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The relationships generated for the current opsin database do suggest that the 
generation of absorption spectra of given wavelength maxima (produced upon opsin 
covalently binding a retinaldehyde to form a visual pigment) has been achieved 
multiple times. Pigments with like-absorption maxima are observed in different 
branches (particularly invertebrate and vertebrate branches) suggesting functional 
convergent evolution. It remains to be clarified if more than one structural arrange
ment can achieve the same end. Some caution in the interpretation about convergent 
evolution, however, needs to heeded. Convergent evolution has been suggested upon 
noting that the human P530 and P557 pigments are more related to one another than 
to their teleost green and red counterparts (Yokohama et al., 1990). The human 
pigments, however, are present as a tandem gene repeat in the q28 locus of the X 
chromosome. The P530 and P557 genes have undergone considerable unequal 
homologous recombination (Nathans, Plantanida, Eddy, Shows, and Rogness, 1986a; 
Nathans, Thomas, and Rogness, 1986b ). Thus, the latter are probably more homoge
neous than the teleost genes, even though each may have derived from distinctly 
different green (medium) and red (long) wavelength lines. Indeed, given the 
extensive size of the G-protein-coupled superfamily, it is possible that recombina
tion events may have played a major role in generating and scrambling the receptors 
over the millenna, such that it may prove difficult to resolve their relationships and 
evolutionary history. 

In summary, the above preliminary evaluation of the relationships among 
G-protein-coupled receptors, has raised several problems. Pairwise groupings vary 
depending upon alignment, length or region of the sequence compared, and the 
matrix used to score the pairings. Application of some method of scoring for levels of 
confidence is important in presentation of relationships generated (Felsenstein, 
1988). Evaluation of pairwise relationships among the members of the G-protein
coupled receptors using the bootstrap resampling method of generating a statistical 
level of confidence shows that confidence levels for many pairings are low. Further 
evaluation of the receptor family will be necessary to resolve the several issues here 
raised. Some insight may be gained with yet larger databases, but the computation 
time becomes exorbitant and will call for larger computer capacity and better 
algorithms. 
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G protein-mediated signal transduction systems have been identified in a diverse 
group of eukaryotic organisms, including yeast, plants, Dictyostelium and animals. G 
protein signaling components have been identified in many of these organisms, from 
the seven transmembrane domain receptors to distinct a, 13 and 'Y subunits of the 
heterotrimeric G protein and the intracellular effectors which they regulate. Their 
broad distribution and sequence conservation implies that genes encoding the 
components of G protein signaling evolved with early eukaryotes. Their subsequent 
proliferation among eukaryotic organisms provides an opportunity to study the 
coevolution of these interacting multigene families. We have focused our interests on 
G protein a subunits, which bind and hydrolyze GTP and interact with receptors and 
effectors. Gene structure and nucleotide sequence comparisons provided a compre
hensive picture of Ga evolution. Sequence comparisons identified three major 
groups of Ga genes, termed the GPA, the Ga-l and Ga-Il Groups. Ga genes within 
the three Groups have evolved at different rates. The GPA Group is primarily 
composed of Ga genes from fungi, plants, and slime mold. Within the Ga-l and 
Ga-Il Groups, four classes of genes have been identified based upon sequence 
comparisons and functional similarities; Gi , Gq, G12, and G5• Members of all four 
classes are expressed in invertebrates and vertebrates but not in other eukaryotes, 
suggesting that this quartet evolved with metazoan progenitors. 

Introduction 
G protein signaling constitutes a fundamental mechanism of intercellular communi
cation used by a diverse group of eukaryotes. G protein signaling pathways have 
several components, each encoded by distinct multigene families, including the seven 
transmembrane domain receptors, the heterotrimeric G protein a, 13, and 'Y subunits 
and various intracellular effector proteins (Gilman, 1987). Heterotrimeric G pro
teins fulfill an essential role in coupling the reception of extracellular signals to 
intracellular second messenger cascades generated by effector proteins. In lower 
eukaryotes, G proteins are required to generate cellular responses to environmental 
cues during development (Dietzel and Kurjan, 1987; Miyajima, Nakafuku, Na
kayama, Brenner, Miyajima, Kaibuchi, Arai, Kaziro, and Matsumoto, 1987; Firtel, 
van Haastert, Kimmel, and Devreotes, 1989; Pitt, Gunderson, Lilly, Pupilla, Vaughan, 
and Devreotes, 1990). G proteins have also been shown to be important in Drosophila 
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TABLE I 
Different G Protein u Subunit Genes and Their Data Source 

Gene Organism 
Number of Notation 

Data source 
codons ofcDNA* 

Gnas Human 394 SIXHs Kozasa eta!. (1988) 
Bovine 394 SIXBt Nukada et a!. (1986) 
Rat 394 SIXRn Jones and Reed (1987) 
Mouse 394 SIXMm Rail and Harris (1987) 
Frog 379 snx1 Olate eta!. (1990) 
Drosophila 379 Sa om Quan eta!. (1989) 
Schistosome 379 Snsm Iltzsch et a!. (1992) 
Mouse 377 IXSMm Sullivan eta!. (1986) 

dgf Drosophila 398 dgfDm Quan eta!. (1993) 
Gnail Human 354 ia1Hs Bray eta!. (1987) 

Bovine 354 ia1s1 Nukada et a!. (1986) 
Frog 354 ia1xl Olate eta!. (1990) 
Rat 354 ia1Rn Jones and Reed (1987) 

dgail Drosophila 354 ia1om Provost eta!. (1988) 
Gnai2 Human 355 ia2Hs Beals et a!. (1987) 

Mouse 355 ia2Mm Sullivan eta!. (1986) 
Rat 355 ia2Rn Jones and Reed (1987) 

Gnai3 Human 354 ia3Hs Beals eta!. (1987) 
Rat 354 ia3Rn Jones and Reed (1987) 

Gnao Human 354 OIXHs Tsukamoto eta!. (1991) 
Bovine 354 OIXBt van Meurs eta!. (1987) 
Hamster 354 OIXMa Hsuet a!. (1990) 
Frog 354 oax1 Olate eta!. (1989) 
Rat 354 OIXRn Jones and Reed (1987) 
Nematode 354 Once Lochrie et al (1991) 

dgol Drosophila 354 oa1om Yoon eta!. (1989) 
dgoll Drosophila 354 oa2om Schmidt et a!. (1989) 
Gnaz Human 355 ZUHs Fong eta!. (1988) 

Rat 355 XURn Matsuoka eta!. (1988) 
Human 355 XIXHs Matsuoka eta!. (1990) 

Gnat] Bovine 350 tlst Medynski eta!. (1985) 
Mouse 350 tlMm Rapport eta!. (1989) 
Frog 350 tlXI Knox eta!. (1993) 

Gnat2 Bovine 354 t2st Lochrie et a!. (1985) 
Gnag Rat 354 gustRn McLaughlin eta!. (1992) 
Gnall Mouse 358 allMm Strathmann and Simon (1990) 

Bovine 358 allBt Nakamura eta!. (1991) 
Gna12 Mouse 379 a12Mm Strathmann and Simon (1991) 
Gna13 Mouse 377 a13Mm Strathmann and Simon (1991) 
Gna14 Mouse 355 a14Mm Wilkie eta!. (1991) 

Bovine 355 a14st Nakamura eta!. (1991) 
Gna15 Mouse 374 a15Mm Wilkie eta!. (1991) 

Human 374 a16Hs Amatruda eta!. (1991) 
Gnaq Mouse 359 aqMm Strathmann and Simon (1990) 
dgq Drosophilia 360 nqom Lee eta!. (1991) 
eta Drosophila 457 ctaom Parks and Wieschaus (1991) 
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TABLE I 
(continued) 

Gene Organism 
Number of 

codons 

gpa-1 Nematode 357 
gpa-2 Nematode 356 
gpa-3 Nematode 354 
GPA1 Tomato 384 
GPA1 Arabidopsis 383 
GPA1 Candida 430 
GPA Pombe 407 
GPA1 Yeast 360 
GPA2 Yeast 360 
gna-1 Neurospora 353 
gna-2 Neurospora 355 
GPA1 Slime mold 354 
GPA2 Slime mold 348 
GPA4 Slime mold 345 

Notation 
of eDNA* 

gpalee 
gpa2ce 
gpa3ee 
alLe 
alAI 
a lea 
asp 
alSc 
a2sc 
gnalNc 
gna2Nc 
alod 
a2od 
a4od 

Data source 

Lochrie eta!. (1991) 
Silva and Plasterk (1990) 
Lochrie eta!. (1991) 
Ma et al. (1991) 
Ma et al. (1990) 
Sadhu et a!. (1992) 
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Obara et al. (1991) 
Nakafuku eta!. (1987) 
Nakafuku eta!. (1988) 
Turner and Borkovich (1993) 
Turner and Borkovich (1993) 
Pupillo et a!. (1989) 
Pupillo et a!. (1989) 
Hadwiger eta!. (1991) 

*At (Arabidopsis thaliana), Bt (Bos taurus), Ca (Candida albicans), Ce (Caenorhabditis 
elegans), Dd (Dictyostelium discoideum), Dm (Drosophila melanogaster), Le (Lycopersicon 
esculentum), Hs (Homo sapiens), Ma (Mesocricetus auratus), Mm (Mus musculus), Nc (Neuro
spora crassa), Rn (Rattus norvegicus), Sc (Saccharomyces cerevisiae), Sm (Schistosoma man
soni), Sp (Schizosaccaromyces pombe), XI (Xenopus laevis). 

gastrulation (Parks and Wieschaus, 1991). In vertebrates and invertebrates, G 
proteins are essential components of sensory transduction systems and regulate a 
variety of other specialized functions in terminally differentiated cells (Gilman, 1987; 
Birnbaumer, 1990; Moss and Vaughan, 1991; Simon, Strathmann, and Ganta, 1991). 

Specificity in the signaling pathways is achieved, in part, by the a subunits as a 
result of interactions with distinct receptors and effectors (recently reviewed by 
Conklin and Bourne, 1993). 13"Y subunits are also required for receptor activation of 
G proteins and subsequent regulation of some effectors (Whiteway, Hougan, Dig
nard, Thomas, Bell, Saari, Grant, O'Hara, and MacKay, 1989; Tang and Gilman, 
1992; Camps, Hou, Sidiropoulos, Stock, Jakobs, and Gierschik, 1992; Katz, Wu, and 
Simon, 1992; reviewed in Iniguez-Lluhi, Kleuss, and Gilman, 1993). Remarkable 
specificity in G protein coupled receptor regulation of Ca2+ channel flux in GH3 cells 
was demonstrated by antisense oligonucleotide ablation of targeted a, 13, and "Y 
subunits (Kleuss, Hescheler, Ewel, Rosenthal, Schultz, Wittig, Kunkel, Roberts, and 
Zabour, 1991; Kleuss, Scherubl, Hescheler, Schultz, and Wittig, 1992, 1993). How
ever, it is not known in these studies whether 13"Y contributes directly to signaling 
specificity through receptor and/or effector interactions or if specificity is mediated 
indirectly through a interactions. Although 13"Y subunits are clearly important in G 
protein signaling specificity, more is known about the genetics, biochemistry and 
pharmacology of Ga subunit specificity in signaling pathways. Thus, our focus is 
currently on the evolution of the Ga subunits. 

The G protein a subunits are members of a superfamily of GTPases which also 
include ras, other small GTP binding proteins related to ras and translation elonga
tion factors EF-Tu and EF-1a (Halliday, 1983; Lochrie, Hurley, and Simon, 1985). 
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This superfamily is distinguished by five amino acid motifs, termed G 1 through G5, 
that are essential components of the GTP binding pocket and are critical to the 
GTPase activity exhibited by these proteins (Bourne, Sanders, and McCormick, 
1990, 1991). Activity of the GTPases is regulated by a cycle of GTP binding and 
hydrolysis. The crystal structure of EF-Tu and ras reveal similarity both in their 
overall structure and conformational changes between the GTP and GDP bound 
proteins that presumably regulate their activity (Jurnak, 1985; de Vos, Tong, 
Milburn, Maniatis, Jancarik, Noguchi, Nishimura, Muira, Ohtsuka, and Kim, 1988; 
Tong, Milburn, DeVos, and Kim, 1989; Pai, Kabsch, Krengel, Holmes, John, and 
Wittinchofer, 1989). It is anticipated that this similarity between EF-Tu and ras will 
extend to the Ga subunits (Berlot and Bourne, 1992; Conklin and Bourne, 1993). 
The GTPase supergene family may have a common ancestor that evolved in early 
prokaryotes. EF-Tu and EF-1a are found ubiquitously in bacteria (as well as in 
mitochondria and chloroplasts) and eukaryotes, respectively. The small GTP
binding proteins have also been identified in eukaryotes and prokaryotes. 

While other members of the GTPase superfamily are ubiquitous, G protein a, ~ 
and 'Y subunits have only been identified in eukaryotic organisms. The Ga subunits 
have been cloned from slime mold, fungi, plants and animals (see Table 1). Less 
emphasis has been placed on identifying ~'Y subunits, but they are assumed to coexist 
in those organisms that express a subunits. G protein-coupled receptors and/or 
effectors have also been cloned from the same organisms that express Ga subunits. 
Biochemical characterization indicates that Ga subunits, ~ adrenergic-like receptors 
and adenylyl cyclase also exist in trypanosomes (Eisenschlos, Paladini, Molina, 
Vedia, Torres, and Flawia, 1986; de Castro and Oliveira, 1987; Fraidenraich, Pena, 
Isola, Lammel, Coso, Anel, Pongor, Baralle, Torres, and Flawia, 1994). Bacterial 
rhodopsin, cloned from Halobacteria in the Kingdom Archaebateria, is structurally 
related to the seven transmembrane domain receptors, but this protein is a proton 
pump that apparently does not couple to G proteins (Henderson and Schertler, 
1990). Thus, G protein signaling appears to have evolved with eukaryotic organisms. 

At present, 60 Ga sequences have been characterized in eukaryotes. In this 
paper, phylogenetic trees for these genes have been constructed and evolutionary 
rates of nucleotide substitutions were evaluated. The genomic structures of these 
genes were also compared to independently test the evolutionary relationships 
inferred from nucleotide sequence analysis. 

Results and Discussion 
Phylogenetic Tree 

To study molecular phylogeny and evolutionary rates of G proteins, a total of 60 
alpha subunit genes were considered (Table 1). The nucleotide sequences of these 
genes were initially aligned by using a multiple alignment program in CLUSTAL V 
(Higgins, Bleasby, and Fuchs, 1992) and then adjusted manually to increase se
quence similarity. 

For the pairwise comparisons of the 60 genes, the number of nucleotide 
substitutions per site ( dn) was estimated by considering nucleotide sequence at the 
first and second position within each codon. This quantity was estimated by a formula 
d12 = -(3/4) In [1 - (4!3)p ], where pis the proportion of different nucleotides per 
site between two sequences (Jukes and Cantor, 1969). Using the amino acid 
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sequences deduced from the a subunit genes, the number of amino acid replace
ments per site (K) was also estimated by K = -In (1 - p ), where p is the proportion 
of different amino acids per site between two polypeptides. For the present data set, 
d12 and K values ranged between 0.002-0.88 and 0.005-1.29, respectively. Topology 
and branch lengths of phylogenetic trees were evaluated by applying the neighbor
joining (NJ) method (Saitou and Nei, 1987) to the d12 and K values. The levels of 
bootstrap support for branches of the NJ trees were estimated by bootstrap analysis 
with 1000 replications (CLUSTAL V, Higgins et al., 1992). 

Phylogenetic trees based on the d12 and K values differed somewhat in detail. 
The least complicated tree topology based on the d12 values is shown in Fig. 1 (this 
analysis did not include all8~> al48~> aq0 m and GaolfRn)· Some low bootstrap 
supports are associated with different clusters. Nevertheless, it seems useful to 
classify the a subunit genes into three major groups: (a) GPA Group with 14 genes; 
(b) Ga-l Group consisting of Gm Gb Gx, and Gi genes; and (c) Ga-Il Group 
consisting of Gq, G12, and Gs genes (Fig. 1 ). 

Among the 14 genes of the GPA Group, only four clusterings are highly reliable: 
(a) gpa-lee, gpa-2ee, and gpa-3ee; (b) alea and alSc; (c) alA1 and alLe; and (d) gna-2Nc 
and asp, each having a support value of 1.0 (see Fig. 1 and Table II). Otherwise, the 
bootstrap support values are often very low and the tree topology within the GPA 
group is unreliable. For example, in Fig. 1, gpa-lee, gpa-2ee, gpa-3ee, ale., also alA~> 
alLe, a2sc, al0 ct, a20 ct and a40 ct form one cluster and gna-lNc, gna-2Nc, and asp form 
another with support values of only 0.18 and 0.58, respectively. When the NJ method 
was applied to the d12 values of all 60 genes, the 14 genes of the GPA Group were 
again distinguished into the same two groups, but they did not form a monophyletic 
group. When the K values of the 60 amino acid sequences were considered, the GPA 
Group was grouped into three polyphyletic clusters: (a) gpa-lee, gpa-2ee, gpa-3ee, 
al0 ct, and a20 ct; (b) Plae., Plasc, P2asc, alA~> alLe, gna-lNc, gna-2Nc, and asp; and (c) 
a4oct· 

Compared to the GPA Group, the evolutionary relationships of the genes within 
the Ga-l and Ga-Il Groups are much clearer. It should be noted that when all8~> 

al481, and aq0 m are included in the analysis, they belong to the Gq group (all 81 and 
al4Bt are closely related to allMm and al4Mm, respectively, whereas aq0 m is the most 
distantly related among the five genes in the Gq group) and GaolfRn belongs to the Gs 
group (Jones and Reed, 1989). The tree topology of Fig. 1 and those based on the d12 

and K values for the 60 genes share important common features. That is, within the 
Ga-l Group, the clustering of four distinct groups are highly reliable: (a) G0 group; 
(b) G1 group (tl and t2 genes and GustRn); (c) Gx group (rat and human homologs); 
and (d) Gi group (aih O:jz, and ai3 genes). The clustering of the Ga-l Group has a 
support value of 1.0 (Table II) and has a monophyletic origin (Fig. 1). Fig. 1 shows 
that Gi and Gx groups are most closely related, their common ancestor diverged from 
the ancestor of G1 group, and their common ancestor diverged from the ancestor of 
the G0 group. Because of rather low levels of bootstrap support (see Table II), the 
evolutionary relationships of the a subunit genes in the Go:-I Group cannot be firmly 
established. In fact, the NJ tree based on the K values for 60 amino acid sequences 
shows that the common ancestor of Gi and Gx genes diverged from the ancestor of Go 
genes, and their common ancestor diverged from the ancestor of the G1 genes. 

Among the Ga-Il Group, three clusters can be distinguished: (a) Gq group (aq, 
all, al4, al5, and al6 genes); (b) G12 group (a12 and a13 genes and ctaom); and (c) 
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Figure 1. Phylogenetic tree of G protein a subunit genes (al18~> al481, aq0 m and aolfRn were 
not included). Branch lengths were estimated by the d12 values by means of the NJ method of 
Saitou and Nei (1987). 

G. group (sa and a. genes and Gfaom)· Fig. 1 shows that the G12 and Gq groups are 
most closely related and their common ancestor diverged from the ancestor of the G. 
genes. The same tree topology is also obtained when the NJ method is applied to the 
K values for the 60 amino acid sequences. In Fig. 1, clustering of the Gq, G12, and G. 
groups have support values of 0.63, 1.0, and 0.56, respectively (Table II). When all60 
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a subunit genes are considered, the respective support values improve dramatically 
(Table II). Thus, the inclusion of the all st. a1481, and aq0 m in the analysis makes the 
clustering of Gq genes and of G, genes more reliable. However, the support value for 
the clustering of the Ga-Il Group (which includes G., G12, and Gq) is only -0.6 (see 
Table II) and their clustering has not been well established. 

This evolutionary relationship of the Ga-l and Ga-Il groups is very similar to 
that obtained by Yokoyama and Starmer (1992) by considering 34 a subunit genes. 
However, the tree topology of Fig. 1 is drastically different from those in Simonet al. 
(1991), Strathmann and Simon (1991) and Wilkie, Gilbert, Olsen, Chen, Amatruda, 
Korenberg, Trask, Dejong, Reed, Simon, Jenkins, and Copeland (1992), where the 
Gi and Gq groups were most closely related, and their common ancestor and those of 
the G12 and G, groups diverged at about the same time. The difference seems to have 
occurred because a constant rate of amino acid replacement was assumed in their 
analyses, whereas the present analysis finds that the Ga subunits evolved at different 
rates (for more details, see Yokoyama and Starmer 1992). 

TABLE II 
Bootstrap Support Levels for Major Ga Subunit Clusters 

Go 
Gt 
a. 
Gi 

Cluster 

G. and Gi 
G., GiandGt 
Ga.-I 
Gq 
G12 
G, 
Gq andG12 

Ga.-11 

57 sequences 

1.0 
1.0 
1.0 
0.89 
0.77 
0.72 
1.0 
0.63 
1.0 
0.56 
0.55 
0.66 

60 sequences 

1.0 
1.0 
1.0 
0.99 
0.76 
0.76 
1.0 
1.0 
1.0 
0.92 
0.93 
0.59 

*G1 group is most distantly related within the Ga.-I group. 

60 sequences 

1.0 
1.0 
1.0 
0.99 
0.60 
N.A.* 
0.99 
1.0 
1.0 
0.90 
0.49 
0.64 

There is agreement that vertebrates and invertebrates express four classes of 
genes, G., Gi, Gq and G12, based upon comparisons in eDNA sequence, gene 
structure and functional properties. The function of the a subunits within a given 
class are often similar. For example, a subunits of the G, class (Drosophila and rat 
Gas and rat Gaolf) activate adenylyl cyclase (Gilman, 1987; Jones and Reed, 1989; 
Quan et al., 1989) while a subunits of the Gq class mediate pertussis toxin-resistant 
activation of phospholipase Cj3 (Taylor et al., 1991; Smrcka et al., 1991; Wu et al., 
1992). Gi class a subunits regulate a more diverse set of effectors but their functions 
require fatty acid acylation (Taussig et al., 1993) and, with the exception of Gaz, each 
is inhibited by pertussis toxin-catalyzed ADP-ribosylation (Gilman, 1987; Birn
baumer et al., 1990). The signaling properties ofthe G12 class of a subunits have not 
been determined. Members of each of these four classes are probably exclusively 
found within metazoan organisms. Lower eukaryotes also express Ga subunits that 
regulate adenylyl cyclase or phospholipase C (Firtel, 1991), but these sequences 
appear to be distinct from any of the mammalian Ga class genes. 
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Branch lengths. From Fig. 1, it appears that the branch lengths from the 
common ancestor to the Ga-l and Ga-Il Groups are different. Accordingly, branch 
lengths are calculated by taking a series of averages of lengths for different groups 
(Table III). In Table III, standard errors were computed from [9p(l - p)/{3-
4p)2 x 704}] 112 andp = (3/4) x [1- exp {-(4/3) d u}] (see Nei, 1987). The average 
number of nucleotide substitutions per site for branches A-Ga-I Group and A-Ga-II 
Group is 0.23 and 0.44, respectively, showing that significantly fewer nucleotide 
changes have accumulated in the former group than in the latter group at the first 
and second positions of codons. Similar tests show that differences between other 
comparable branches are not statistically significant (Table III). Quantitatively the 
same conclusion was reached when the d12 and K values for the 60 genes were 
considered. 

Fig. 1 also shows that the length for D-aqMm• allMm• and al4Mm (denoted as the 
Gq-1 group) appears to be much shorter than that for D-alSMm and al6Hs (Gq-11 
group). Branch lengths between the Gq-1 and other groups have been similarly 
compared (Table IV). In Table IV, we can see that Gq-1 genes have accumulated a 

TABLE ill 
Branch Lengths Measured by the Number of Nucleotide Substitutions per 
Site (du) at the First and Second Positions ofCodons 

Lower branch d12 X 100 Upper branch 

A-Gq/G12/Gs 43.8 ± 3.18* A-Go!Gt!Gx/Gi 
B-Gs 42.3 ± 3.10 B-Gq/G12 
C-G12 34.1 ± 2.65 C-Gq 
E-GtiGx/Gi 18.8 ± 1.80 E-Go 
F-Gx!Gi 18.3 ± 1.77 F--Gt 

d12 X 100 

22.7 ± 2.02* 
36.0 ± 2.75 
32.0 ± 2.53 
16.5 ± 1.67 
15.6 ± 1.61 

Note: see Fig. 1 for branch points A, B, C, E, and F. Standard errors were computed from 
[9p(1- p)/{(3- 4p)2 x 704)]112 andp = (3/4) x [1- exp (-3d/4)] (see Nei, 1987). allBt. 
a14Bt• aqnm, and GaolfRn were not included in the analysis. 
*Difference in branch lengths is significant at the 1% level. 

significantly larger number of nucleotide changes than Ga-l Group genes. In 
contrast, significantly fewer changes have accumulated in Gq-1 genes than in Gq-11, 
G12, and G. genes. The longer length of branch D-Gq-11 compared to the D-Gq-1 
branch may be explained by relaxed selective constraints for the Gq-11 group relative 
to the Gq-1 group after the gene duplication event at branch point D. In this regard, it 
is interesting that GalS and Gal6 are expressed specifically in hematopoietic cells, 
whereas Gaq, Gall and Gal4 are widely or ubiquitously expressed (Wilkie et al., 
1991). GalS and Gal6 may interact with a more restricted set of receptors and 
effectors and function in a more permissive cell lineage than the other members of 
the Gq class, thus providing the relaxed selective constraints that would allow their 
faster rate of evolution. Another possibility is that Gna15 (the gene that encodes 
GalS and Gal6 in mice and humans, respectively) has been recruited for novel 
functions in mouse and human hematopoietic cells that are driving evolutionary 
change of this gene at an accelerated rate relative to other mammalian Gq class 
genes. 
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Evolutionary rate. Yokoyama and Starmer (1992) studied the evolutionary rates 
of nucleotide substitution for the G protein a subunit genes during the last 75 million 
years of mammalian evolution. Because the a subunit genes from a larger number of 
organisms have now been characterized (see Table 1), the evolutionary rates of the a 
subunit genes can be evaluated since the divergence between arthropods and 
mammals. 

To estimate the rate of amino acid replacements per site per year (r), average 
branch lengths were calculated which were subsequently divided by the appropriate 
divergence times among groups (Table V). Divergence times between Drosophila 
and mammals and between frog and mammals were taken as 700 and 300 million 
years ago, respectively (Dayhoff, 1978; see also Figure 2.2 in Nei, 1987). Table V 
shows that the evolutionary rates for the Ga-l Group (Gm Gb Gx, and Gi groups) 
tend to be lower than those for the Ga-Il Group (Gq, G12, and G, groups). That is, 
thervalues are 0.04-0.35 X w-9 /site/year for the Ga-l Group, whereas those for the 
Ga-Il Group are 0.21--0.45 x 10-9/site/year. Among the Ga-Il Group, Gq has the 
slowest evolutionary rate. For comparison, the most highly conserved Ga genes have 
evolved somewhat faster than histones and triosephosphate isomerase but more 

TABLE IV 
Comparison of Branch Lengths Between the Gq and Other Groups 

Gq-1 branch d12 X 100 Out group branch d12 X 100 

a.qMm/a.11Mm/a.14Mm 29.8 ± 2.41 * Go!Gt!G,!Gi 22.7 ± 2.02* 
a.qMm/a.11Mm/a.14Mm 26.1 ± 2.21* G, 42.3 ± 3.10* 
a.qMm/a.11Mm/a.14Mm 23.2 ± 2.05* Gtz 34.1 ± 2.65* 
a.qMm/a.11Mm/a.14Mm 15.5 ± 1.61* a.15Mm ± /a.16Mm 33.1 ± 2.59* 

Note: standard errors were computed from [9p(1- p)/{(3- 4p)2 x 704)]112 andp = (3/4) x 
[1 - exp (- 3d/4)] (see Nei, 1987). a.l1B1, a.14B~> and a.qnm were excluded from the analysis. 
*Difference in branch lengths is significant at the 5% level. 
*Difference in branch lengths is significant at the 1% level. 

slowly than creatine kinase (R. Doolittle, personal communication). Substitution 
rates in the most rapidly evolving mammalian Ga genes fall between the hemoglobin 
a and f3 genes. 

The r values cited above for Ga sequences in the Ga-l and Ga-Il Groups are 
much higher than the number of nonsynonymous substitutions per site per year in 
Yokoyama and Starmer (1992). This is probably because the evolutionary rates for 
the G protein a subunits (and a subunit genes) were much faster before the 
mammalian radiation. However, in order to establish the differences in evolutionary 
tempo of G protein a subunits, sequence data from additional other species are 
needed. 

Comparative gene structure. The gene structures of 20 Ga subunits isolated 
from plants, fungi, a slime mold and a variety of animals have been determined (Fig. 
2). Most of these genes are in the Gi class (Ga-l Group in Fig. 1), including two 
Drosophila and seven mammalian genes. The Gq class is represented by the Dro
sophila dgq gene, the G, class by human Gnas and, based on similarities in nucleotide 
sequence and gene structure, Drosophila dgf (Figs. 1 and 2). The effectors regulated 
by dgf have not been identified, but based on its resemblance to Gas, these proteins 
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may interact with a similar set of effectors. The only G12 class gene characterized to 
date is Drosophila concertina (eta). Among the GPA Group, the Arabidopsis Gpal 
gene structure is distinct whereas the three C. elegans gpa genes appear to have 
related structures, as do the three Dictyostelium genes. 

By virtue of the high amino acid sequence conservation between Ga subunits, 
intron/ exon boundaries can be identified relative to the consensus Ga sequence. The 
intron positions within each Ga gene will be referred to by their position within the 
consensus sequence shown in Fig. 3. Comparison of the 20 Ga genes indicates that 
three intron boundaries occur following exactly the same codon in the sequence 
alignment of almost all Ga genes, despite the evolutionary distance between these 
organisms. These highly conserved intron positions occur near amino acid 55, 120, 
and 175 in the consensus sequence (introns a, d, and f, respectively, in Fig. 2). The 
intron near position 225 (intron g) is nearly as well conserved and is present in most 
Gi and Gq class genes, human Gnas and two C. elegans genes. The introns near 
positions 270 and 330 (introns h and i) are found only in the Gi, Gq and C. elegans 

TABLE V 
Evolutionary Rates of Amino Acid Replacement Per Site Per Year 
(X I0-9) 

Group Amino acid sequences compared 

Gu tlx1 - tlMm, tlBt 
Gi iulom - iu2Rm iu2Mm, iu2H8, iu3Rm iu3H., 

inlxh iu1H., iu1Rm iulBt 
Git iu1xi - iu1H,, iu1Rm iulBt 
Go (1) onx1 - oaat> O«Rn, O«Ma, O«Hs 

(2) ou1om, ou2om- oust> oaR0 , ouMa, ouxh 
OUHs 

G, (1) Suom - Suxh uSMm, SuH., SuRn' SuMm, SuBt 
(2) Sax! - uSMm, SuH,, SuRn, SuMm' SuBt 

Gq nqom- u14Bb u14Mm, uqMm, ullBt, ullMm 
Gl2 ctaom - u12Mm, ul3Mm 

r 

0.35 ± 0.059 
0.18 ± 0.028 

0.04 ± 0.020 
0.15 ± 0.038 

0.15 ± 0.025 
0.24 ± 0.033 
0.31 ± 0.056 
0.21 ± 0.030 
0.45 + 0.046 

genes. Other intron boundaries are characteristic of one class of Ga genes, such as 
posi~ions 75 and 150 (introns c and e) in the G, class genes, or are particular to a 
specific gene. Among the three Dictyostelium genes, the position of the two introns in 
a4, near positions 120 and 175 (introns d and/), is conserved. Dictyostelium a1 and a2 
h~ve one intron each near position 120 that interrupt the coding sequence at a 
different nucleotide within this conserved codon. The Saccharomyces cerevisiae 
GPAJ andGPA2 and S. pombe GPAJ genes lack introns (Nakafuku et al., 1987; 1988; 
Obara et al., 1991), as do most genes in these organisms, and are not included in Fig. 
2. 

The evolutionary relationships between the Ga eDNA sequences depicted in 
Fig. 1 is reflected in the structure of the Ga genes. For example, the Dictyostelium, 
Arabidopsis, Drosophila eta and mammalian Gi and G, classes have clearly distinct 
gene structures. However, this generalization has several interesting exceptions; in 
particular, the similarity between the Drosophila dgq gene, the C. elegans genes, and 
the Gi class genes. The three C. elegans gpa genes have two introns near positions 270 
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Figure 2. Gna gene structure. The consensus sequence of twenty G protein ex subunits was 
obtained from an amino acid sequence alignment. The consensus sequence is depicted by a 
thick solid line above the count of amino acid residues within the alignment. Relative position 
of the amino acids within the GTP binding domains G 1 through G5 are shown above. Each 
gene is identified by class, species, gene, and name of eDNA according to Fig. 1 and Table I. 
Thin solid lines depict the individual genes; gaps in each line represent gaps in the sequence 
alignments. Intron positions are indicated above each gene. Introns that are positioned after 
the first, second, or third nucleotide within a codon are identified by a thick vertical line, solid 
circle, or open square, respectively. The superscript letters a through i identify those introns 
that occupy exactly the same position in the alignment in more than one gene. Introns of 
unique position within the alignment are not lettered. The dashed line indicates the 
unanalyzed portion of the Drosophila concertina gene. References are: j, Tsukamoto et al., 
1991; k, de Sousa et al., 1989, Yoon et al., 1989, Thambi et al., 1989; l, Rapport et al., 1989; m, 
Kubo et al., 1991; n, Itoh et al., 1988; o, Kaziro et al., 1991;p, Provost et al., 1988; q, Matsuoka 
et al., 1988; r, Lee et al., 1990; s, M. Wayne, personal communication; t, Kozasa et al., 1988; u, 
Quan et al., 1993; v, Lochrie et al., 1991; w, Silva and Plasterk, 1990; x, Ma et al., 1990; y, M. 
Brandon, personal communication; z, Hadwiger et al., 1991. 

and 330 (introns hand i, and intron b ingpa-1) which are otherwise found only in the 
Gi class genes, Drosophila dgq and the mammalian Gq class genes ( Gnall and Gna15; 
T. M. Wilke, unpublished observation). Furthermore, the Drosophila dgq gene is 
even more similar to the mammalian Gi class genes than is the Drosophila Gnai 
homolog; six intron positions are identical although Drosophila dgq has a unique 
intron near position 270 and is missing intron b near position 65, as are the 
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Drosophila dgo and dgi genes. The similar structure of the Gi class genes, Drosophila 
dgq and the C. elegans genes could indicate that they share a common ancestor in a 
monophyletic grouping, in contrast to the relationship depicted in Fig. 1 that splits 
the Gi, Gq and C. elegans gpa genes into separate groups. For example, Drosophila dgq 
gene structure is clearly more related to mammalian Gi class genes than to Gnas. In 
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Figure 3. A model consistent with the phylogenetic tree presented in Fig. 1 depicting some of 
the possible evolutionary events that generated the vertebrate Ga subunit multigene family. 
The Gq and Gi class genes are predicted to have independently undergone tandem 
duplication, although Gnao, Gnai and Gnat genes may be descendent from a common 
tandemly duplicated progenitor. Solid boxes represent the genes. The dotted line between 
Gnai and Gnat genes indicate that the distance between the genes is unknown and may 
contain intervening genes. Arrows above the genes point towards the 3' end of the 
transcription unit where their relative orientation is known. The short filled box above GnaoA 
depicts alternatively spliced exons. RT indicates that Gnaz may be derived from a Gnai 
progenitor through reverse transcription. Open and hatched boxes represent earlier and later 
progenitor genes, respectively. Gi, Gq, G 12 and Gs represent progenitors of the four classes of 
G protein a subunits that are expressed in vertebrates and invertebrates. G symbolizes an 
ancient progenitor gene. 

addition, the eDNA sequence of the three C. elegans gpa genes exhibit two features 
that are characteristic of Gi class genes; firstly, the consensus sequence for myristoyla
tion at the amino terminus (MGXXXS) and secondly, with the exception of gpa-2, 
the cysteine four amino acids from the carboxy terminus that is ADP-ribosylated by 
pertussis toxin in Gi class genes. An alternative explanation for the similarity 



Evolution of the GaMultigene Family 261 

between the Gi, Gq and C. elegans gpa genes, consistent with the phylogenetic tree in 
Fig. 1, is that these genes evolved more slowly than the G, class genes, at least until 
relatively recently, and therefore retained more of an ancestral sequence and gene 
structure. 

The structure of Drosophila eta is unique among Ga. genes (Fig. 2) although the 
positions of the last three introns are only slightly removed from highly conserved 
introns. The Drosophila melanogaster eta gene resides in a region of heterochromatic 
DNA. It is subject to reduced recombination (including gene conversion between 
related genes) and is apparently under relaxed selection (M. Wayne, personal 
communication). Therefore, eta may not be characteristic of the G12 class gene 
structure. It will be interesting to compare eta in Drosophila melanogaster to other 
Drosophila species and to mammalian Gna12 and Gna13 to determine if the drift in 
intron positions in eta is a recent evolutionary event. 

In summary, the evolution of the Ga. genes is complex and may exhibit the 
remnants of several mechanisms that generate genetic diversity. The position of 
several Ga. introns are conserved among genes of different classes and in divergent 
eukaryotic organisms. However, none of the Ga intron positions are related to 
introns among other genes within the GTPase superfamily that are expressed in 
eukaryotes and prokaryotes. Conservation of intron position in other genes of 
ancient origin that have been characterized in plant, fungi, and animals, most notably 
triosephosphate isomerase and globin (Marchionni and Gilbert, 1986; Tittiger, 
Whyard, and Walker, 1993; Go, 1981), has been interpreted to support the notion 
that introns must have arisen early in evolution, perhaps in the RNA precursors of 
primordial genes (Gilbert, Marchionni, and McKnight, 1986). Alternative interpreta
tions have been presented to explain both the origin of spliceosomal introns 
(Cavalier-Smith, 1991) and the apparent conservation of intron position within genes 
(Dibb and Newman, 1989; Wistow, 1993). Unlike intron positions in triosephosphate 
isomerase and globin genes, most intron positions are not conserved among the Ga 
genes from plants, invertebrates and vertebrates (for example, compareArabidopsis 
GPAJ, human Gnas and the Gi class genes from Drosophila and mammals, Fig. 3). 
The simplest explanation for the dissimilarity in intron position in many Ga genes is 
that introns were both acquired and lost during eukaryotic evolution. A similar 
conclusion was reached following comparison of serine protease and a and 13 actin 
and tubulin genes (Rogers, 1985; Dibb and Newman, 1989). Introns that are widely 
conserved within a multigene family may have been aquired early in eukaryotic 
evolution while the less well conserved introns may have appeared more recently. In 
addition, some sequences may favor intron aquisition during evolution of homolo
gous genes in separate eukaryotic lineages. For example, within the Ga multigene 
family, three genes from three different phylogenetic groups (human Gnas, C. 
elegans gpa2 andArabidopsis GPAJ) have introns near residue 80 that are each in a 
slightly different position. Alternatively, a mechanism that allows intron slippage 
may have operated on an intron position that was originally conserved in a common 
progenitor. Drosophila concertina is particularly interesting in this regard because 
each of its four known introns are near to introns found in either the Gi and G, class 
genes. 

Tandem gene duplication. The chromosomal location of all known murine Ga 
genes has been identified, and most Ga genes have also been mapped in humans 
(Wilkie et al., 1992). The mapping results revealed that members of the G, and G12 
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classes segregated as unlinked genes in mice and humans (i.e., they were not closely 
linked to any other Ga subunit gene). In contrast, most Gi and Gq class members 
segregated as pairs of closely linked genes. For example, mouse Gnai3 and Gnat2 
cosegregated on chromosome 3, Gnai2 and Gnatl cosegregated on chromosome 9, 
Gnail and Gnag cosegregated on chromosome 5 (N. Copeland, N. Jenkins, and R. 
Margolskee, personal communication), Gnall and Gna15 cosegregated on chromo
some 10, and Gnaq and Gna14 cosegregated on chromosome 19 (Wilkie et al., 1992). 
Analysis of the human and mouse Gnall and Gna15 genes cloned from cosmid and 
lambda genomic libraries, respectively, showed that these genes reside within 100 kb 
in a tandem head-to-tail array (Wilkie et al., 1992). Since Gnaq and Gna14 are 
closely related to Gnall and Gna15 and are also closely linked in mouse, we presume 
that they are also tandemly duplicated. 

Is it possible that Gq and Gi class genes were derived from common, tandemly 
duplicated progenitor genes? Gnaz and Gnao are apparently the only Gi or Gq class 
genes that are not paired with another gene in the same class. Gnaz is the most 
divergent member of the Gi class (Fig. 1 ). The intron organization in Gnaz is unique, 
with one intron in the 5' untranslated region and a second intron within the coding 
region in place of the eight introns that are conserved in all other mammalian Gi class 
genes (Kaziro et al., 1991). The structure of Gnaz resembles an incompletely 
processed pseudogene suggesting that it may have been derived by reverse transcrip
tion. Gnaz was presumably functional before divergence of rodents and primates 
because its amino acid sequence is highly conserved in rats and humans (Fong et al., 
1988; Matsuoka, 1988). 

Gnao presents the most provocative exception to the model of tandemly 
duplicated Gi and Gq class genes. The complete gene structure of human Gnao 
resides within approximately 100 kb (Tsukamoto et al., 1991). Interestingly, in at 
least three mammalian species, Gnao encodes two functionally distinct proteins, 
GaoA and GaoB (Tsukamoto et al., 1991; Strathmann et al., 1991; Hsu et al., 1990; 
Kleuss et al., 1991). The amino acids encoded in the first six exons are common to 
both Gao proteins but the remainder of the carboxy termini are encoded by two 
different pairs of exons that are selected through alternative splicing (Tsukamoto et 
al., 1991 ). This unusual gene organization may have derived from a pair of tandemly 
duplicated genes. Deletion of the transcription termination signal of the upstream 
gene, along with the amino terminal two-thirds of the downstream gene, could have 
generated the present Gnao gene structure. The Drosophila Gnao homologue also 
undergoes alternative splicing, but in this case two transcripts, containing individual 
translation start sites in their respective first coding exons, initiate from distinct 
promoters and then splice to a common acceptor site at the beginning of exon 2 
(Yoon et al., 1989). The structure of Drosophila Gnao could also have resulted from 
internal deletion of a tandem gene pair, in this case removing nearly the entire 
coding region as well as the transcription termination signals of the upstream gene. 
Alternatively, duplication of these different Gnao exons could have occurred indepen
dently in the Drosophila and mammalian lineages. 

If Gnao and Gq class genes are descendent from a common tandemly duplicated 
progenitor, then other Gi class genes must share this ancestry. However, tandem 
duplication of the Gi class genes may not have been rigorously conserved in 
invertebrates. For example, Drosophila express a Gnai homolog, but not transducin, 
the gene that is closely linked to Gnai in mammals. It is unlikely that a functional 



Evolution of the Gcx Multigene F amity 263 

invertebrate transducin awaits discovery, as invertebrate vision is thought to be 
mediated by Gaq coupling to phospholipase C in contrast to transducin regulation of 
cGMP phosphodiesterase (Fain and Matthews, 1990; Ranganathan, Harris, and 
Zucker, 1991). The possibility remains that a transducin homolog with a different 
physiological function, such as gustducin, awaits discovery in Drosophila. 

The Gnai/transducin gene pairs that cosegregated in mice were shown to 
colocalize on human chromosomes by fluorescence in situ hybridization (Wilkie et 
al., 1992). These results are consistent with the notion that the three Gnai and 
transducin gene pairs are tandemly duplicated and were derived from a common 
progenitor gene pair. However, the physical distance between the Gnai and transdu
cin gene pairs is unknown and may be as great as 2.5 Mb in mouse and 4 Mb in 
human. Thus, it is possible that duplication of the G; class genes occurred in the 
vertebrate lineage independently from tandem duplication in the Gq class genes or 
GnaoA and GnaoB. Linkage of Gnai and transducin genes might even result from a 
fortuitous chromosomal transposition event in a common ancestor to rodents and 
primates. Identification and characterization of YAC or cosmid contigs containing at 
least one of the Gnai and transducin gene pairs should help to resolve whether these 
genes are also tandemly duplicated. 

Evolution of mammalian Gna genes. Multigene families are thought to be 
generated by a number of different mechanisms including (a) genome duplication or 
tetraploidization (for a review see Nadeau, 1991) (b) tandem gene duplication and 
(c) reverse transcription, a process that is likely responsible for the formation of 
intronless genes and processed pseudogenes. There is considerable evidence that the 
eukaryotic genome has undergone multiple genome duplication events with the most 
recent duplication event occurring -300 million years ago, long before the diver
gence of the lineages leading to mouse and man. A simple model to explain the 
chromosomal mapping results is that the vertebrate Ga multigene family was created 
by at least one gene duplication event, followed by one tandem duplication that 
occurred in the progenitor of the G; and Gq genes after its divergence from the Gs 
and G12 progenitors and subsequent duplications ofthe genome and smaller chromo
somal segments (Wilkie et al., 1992). A more complex model is shown in Fig. 3 which 
postulates not one, but three independent tandem gene duplication events in the 
Gnao, Gnai and Gq lineages. This is a working model that is consistent with the 
evolutionary relationships depicted in Fig. 1. 

Conclusions. Evolution of the G protein a subunit genes is complex. The Ga 
multigene family may have evolved in the common ancestor of fungi, plants, animals, 
slime molds and ciliates, after their divergence from simpler eukaryotes. Three 
groups of Ga sequences, the GPA, Ga-l and Ga-Il Groups, were identified in a 
phylogenetic tree (Fig. 1). Ga subunits are at least 35% identical in amino acid 
sequence between Groups, suggesting that the invariant residues are critical for 
functions common to all Ga proteins. The Ga-l and Ga-Il Groups are composed of 
four classes of Ga proteins that are expressed in metazoan organisms, termed the G5, 

G;, Gq, and G12 classes, based on sequence comparisons and effector interactions. 
Sequence comparison between these four classes of Ga proteins have identified 
residues that contribute to signaling specificity (Itoh and Gilman, 1991; Berlot and 
Bourne, 1992). Thus, phylogenetic trees can contribute to understanding both 
protein function and the evolution of multigene families. 

Alignment availability. The alignment of the amino acid sequences of 60 G 
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protein o: subunits is available from the EMBL file server by sending the email 
message "get align: DS15369.dat" to NetServ@EMBL-Heidelberg.DE or by anony
mous ftp to ftp.embl-heidelberg.de in pub/databases/embl/align/DS15369.dat. 
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The calcium-transporting adenosine triphosphatases (Ca2+ -ATPases, or calcium ion 
pumps) are a group of membrane proteins that actively transport calcium ions across 
cellular membranes. Because of the role of calcium ions as a universal secondary 
signal, the concentration of free Ca2+ in the cytosol must be tightly controlled. In 
higher vertebrates, cytosolic Ca2+ concentration is maintained at - 0.1 11M, four 
orders of magnitude lower than the extracellular level (Campbell, 1983). A comparable 
level of Ca2+ is observed in the cytoplasm of plants, which is at least a thousand times lower 
than in the extracellular space, the apoplast (Evans, Briars, and Williams, 1991). 

Two types of calcium pumps are involved in the regulation of cellular calcium 
ion levels: the plasma membrane Ca2+-ATPase and an organellar Ca2+-ATPase, 
which remove Ca2+ from the cytosol by, respectively, extruding the ion from the cell 
and sequestering it into intracellular reservoirs. In recent years, genes and tran
scripts for calcium pump proteins have been identified and characterized. Many 
molecular biological studies have provided insights into the structural and functional 
features of these ion pumps. The currently known calcium pumps belong to the 
P-type cation transporting ATPases, which are a distinct subgroup of ion-motive 
ATPases (Pedersen and Carafoli, 1987a,b; Green and MacLennan, 1989; Lauger, 
1991). Many of these P-type ATPases, including the calcium pumps, have been 
demonstrated to consist of a single subunit that spans the membrane many times (a 
generic model of P-type ATPases is depicted in Fig. 1). During ion transport, a 
phosphorylated intermediate is formed, where phosphate is bound to an aspartyl 
residue located on a large cytosolic loop. These ion pumps are characteristically 
inhibited by vanadate, which acts as a transition state analog of phosphate. P-type 
ATPases appear to be ubiquitous, found in both prokaryotic and eukaryotic cells. 

The sequences considered in this paper include those of the two main types of 
calcium pumps, namely the plasma membrane Ca2+-ATPase, conventionally re
ferred to as the PMCA, and the Ca2+-ATPase ofthe sarcoplasmic and endoplasmic 
reticulum, or the SERCA (See Burk, Lytton, MacLennan, and Shull, 1989). The two 
pumps are distinguished by their separate locations in the cell, by differential 
sensitivities to pump inhibitors, and by differing amino acid sequences. Also included 
are several P-type ATPase sequences that have been proposed to encode calcium 
pumps in two fungi and the protozoan Leishmania. 1 

1 Shull, Clarke, and Gunteski-Hamblin (1992) more recently cloned a new calcium pump associated with 
the Golgi apparatus, which they consider to be related to the fungal secretive pathway calcium pump. It is 
not included here. 
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The present study is focused on the molecular evolution of these proteins, a 
subject that has received little discussion, despite the fact that the identification of 
calcium pump genes has been almost solely based on nucleotide sequence similari
ties rather than on functional studies of gene products. There has been no systematic 
study devoted to understanding the evolution of calcium pump genes, and the time is 
ripe to begin addressing this issue, thanks to the good number of genes cloned from a 
reasonably diverse variety of organisms. For general information as well as for 
discussions on particular functional and structural aspects of these calcium ATPases, 
see Sachs and Munson (1991), Carafoli, Kessler, Falchetto, Helm, Quadroni, Krebs, 
Strehler, and Vorherr, (1992), Inesi and Kirtley (1992), Inesi, Cantilina, Yu, Nikic, 
Sagara, and Kirtley, (1992), Jencks (1992), MacLennan, Toyofuku, and Lytton 
(1992), Wuytack and Raeymaekers (1992), Wuytack et al. (1992). 

Several molecular evolutionary questions are addressed in this study. First, how 
are the pump-encoding genes related to one another? Intriguingly, at least three 
different genes have been discovered in higher vertebrates to encode separate forms 
of the SERCA-type calcium pumps. The isoforms, as these genetically distinct 
pumps are commonly referred to, are structurally and functionally similar, but their 

Extracellular/Lumenal Side 
Figure 1. A diagrammatic 
structural model of a P-type 
ATPase. The number of trans
membrane domains is still be
ing debated, and some P-type 
ATPases have an additional 
transmembrane domain at the 
carboxyl terminus. A small sub
unit, found in certain P-type 
pumps such as the Na/K
A TPase, is not shown here. 

biological differences are not quite clear. The same situation holds for the PMCAs. 
Characteristically, the isoforms have been found to have differential distributions in 
various tissues (e.g., Kaprielian and Fambrough, 1987; Kaprielian, Bandman, and 
Fambrough 1991 ), and such tissue-specific distributional patterns appear to be 
parallel in different organisms that have multiple isoforms. For instance, SERCA1 is 
typically abundant in fast twitch muscle cells in both mammals and birds. Pairwise 
comparisons have suggested a general tendency for synonymous isoforms (i.e., 
corresponding isoforms by the same numerical name) found in different organisms to 
have higher sequence similarities between each other than between different iso
forms found in the same species. However, using sequence similarity alone to 
determine a transcript's identity can be misleading, as similarities may not necessar
ily impart the true relationships. Indeed, an inference of the evolutionary relation
ships of a gene family must be based on validated homology or common origin, just 
like the deduction of organismal phylogeny. A robust systematic framework for the 
calcium ATPases is currently lacking, and such a framework can only be obtained by 
examining the overall relationships among the pump-coding genes. 
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A second question addressed here is: how did the calcium pump isoforms arise? 
Pump isoforms have been found in higher vertebrates (birds and mammals). Though 
the paucity of pump isoform sequence data in invertebrates and other groups may 
well be due to limited cloning efforts in those organisms to date, the relationship 
between pump-encoding genes in organisms with multiple isoforms and those 
without isoforms should help clarify the patterns of isoform diversification and 
thereby provide instructive insights into pathways of isoform evolution. Finally, this 
study addresses the questions: are PMCA and SERCA indeed two distinct pumps? 
And, if so, are they sister groups or is there an ancestral-descendent connection? 

Pump-encoding Sequences and Their Analyses 
Sequences and Alignment 

A total of 25 amino acid sequences of calcium-motive ATPases were selected from 
those retrieved from the data banks on the computer system Genmenu (the data 
banks, including Genebank, EMBL, and Swissprot, were updated to September 
1992). Protein sequences were used to avoid artifacts caused by possible codon biases 
between organismal groups. Table I lists the sequences used in this study, arranged 
by the organisms in which the genes were identified. The numbers in column 3 

TABLE I 
Calcium-ATPase Sequences Used in the Current Study (September, 1992) 

Organismal species 

Homo sapiens (human) 
Homo sapiens (human) 
Homo sapiens (human) 
Oryctolagus cuniculus (rabbit) 
Oryctolagus cuniculus (rabbit) 
Oryctolagus cuniculus (rabbit) 
Rattus norvegicus (rat) 
Rattus norvegicus (rat) 
Rattus norvegicus (rat) 
Rattus norvegicus (rat) 
Rattus norvegicus (rat) 
Rattus norvegicus (rat) 
Sus scrofa (pig) 
Sus scrofa (pig) 
Felis catus (cat) 
Gallus gallus (chicken) 
Gallus gallus (chicken) 
Rana esculenta (frog) 
Artemia sp. (brine shrimp) 
Drosophila melanogaster (fruit fly) 
Lycopersicon esculentum (tomato) 
Leishmania donovani (protozoa) 
Saccharomyces cerevisiae (baker's yeast) 
Saccharomyces cerevisiae (baker's yeast) 
Schizosaccharomyces pombe (fission 

yeast) 

Gene Ace. No. 

PMCAl a30802 
PMCA3 m25874 
SERCA2 m23115 
PMCA s17179 
SERCAl m12898 
SERCA2 j04703 
PMCAl j03753 
PMCA2 j03754 
PMCA3 a34308 
SERCAl m99223 
SERCA2 a31982 
SERCA3 a34307 
PMCA 1 p23220 
SERCA2 p11606 
SERCA zl1500 
SERCAl m26064 
SERCA2 a40812 
SERCA s18884 
SERCA s07526 
SERCA a36691 
SERCA m96324 
CA j04004 
CAl p13586 
CA2 p13587 

CA j05634 

Reference 

Verma et al., 1988 
Strehler et al., 1990 
Lytton and MacLennan, 1988 
Khan and Grover, 1991 
Brandl et al., 1986 
Lytton et al., 1989 
Shull and Greeb, 1988 
Shull and Greeb, 1988 
Greeb and Shull, 1989 
Wu and Lytton, 1993 
Gunteski-Hamblin et al., 1988 
Burket al., 1989 
De Jaegere et al., 1990 
Eggermont et al., 1991 
Gambel et al., 1992 
Karin et al., 1989 
Campbell et al., 1991 
Vilsen and Andersen, 1991 
Palmero and Sastre, 1989 
Magyar and Varadi, 1990 
Wimmers et al., 1992 
Meade et al., 1989 
Rudolph et al., 1989 
Rudolph et al., 1989 

Ghislain et al., 1990 
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denote the accession numbers by which the sequences were retrieved from the data 
banks. Only full-length (completed) sequences were used. In each case where there 
are multiple "pseudo-isoforms," or messenger RNAs derived by alternative process
ing of the primary transcripts (the term pseudo-isoform is proposed for this context, 
to indicate that such transcripts are not encoded by separate genes), only a single 
primary sequence was used. 

A multiple alignment of the selected protein sequences was conducted using the 
program PILEUP of GCG (a software package from the University of Wisconsin). 
Sometimes computer-aided aligning such as the one used in this study has been 
faulted for producing less-than-perfect results, but this approach has the advantage 
of applying consistent criteria in objective search for homology. The alignments 
(partially presented in Fig. 2) appear to give satisfactory residue matching pattern, 

Figure 2. A portion of the computer-aided multiple alignment of calcium-ATPase sequences 
used in the cladistic analyses. Clearly, the two definitive functional domains, i.e., the 
phosphorylation site and the FITC-binding site, are well aligned, indicating that the two sites 
are among the most conserved motifs in the pumps. The residues are numbered arbitrarily. 

featuring perfectly aligned domains such as the phosphorylation site and the 
ATP-binding site (Figs. 2 and 3), both of which are considered definitively homolo
gous among P-type ATPases. 

Phylogenetic Analyses Using PAUP 

Four sets of analyses were conducted using PAUP (Phylogenetic Analysis Using 
Parsimony, edition 3.1; Swofford, 1993) designed for use on Macintosh computers. 
In all analyses, the most parsimonious cladistic trees ( cladograms) were searched out 
by the "branch-and-bound" method. Each analysis was repeated after the sequences 
were reshuffled to alter their order of entry. 
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Deterministic searches (e.g., exhaustive and branch-and-bound) for most parsi
monious trees using PAUP involves very large amounts of computation time, which 
can be sometimes inhibitingly long. There are two ways to circumvent this problem. 
One is by limiting the number of sequences to the minimal, the other by using a 
minimal yet sufficiently informative part of the sequence. The first analysis utilized 
only the region encompassing the phosphorylation and the FITC (fluorescein 
isothiocyanate)-binding sites, the latter site believed to be involved in ATP-binding. 
These two sites are characteristically conserved throughout the gene family, but 
there is considerable sequence variation in between these two sites (Fig. 3) . 
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chick-serac2 -MUDIAIVIUJLPSVI:~SVICSDDG'l'L~ILDJY .EGDSCS~ •••••••••••• , •. APIGIVIIICDDKL ••••••• 
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piq-pmca 
rabbit-pmca 
rat-pmcal 
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rat-pmca2 
buman-pmca3 
bakersyeast-ca2 
fb:Jionyeut-ca 
Artemia-serca 
fly-serca 
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rabbit-serca2 
chick-serac2 
rabbit-sercal 
rat-sercal 
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frog-serca 
rat-serca3 
tomato-serca 
bakersyeast-cal 
Leishmania-ca 
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Figure 3. Amino acid variability over a portion of the calcium A TPase sequences aligned. The 
variability is measured by the number of residue substitutions at each position, or number of 
"steps" (see Maddison and Maddison, 1992), which was calculated, using the program 
MacClade 3, based on a most parsimonious cladogram reconstructed from the P AUP analysis 
of the 25 partial calcium pump sequences (see Fig. 4). Note that the phosphorylation site 
(around residue 498 in Fig. 2) and the FITC-binding site (around residue 700 in Fig. 2) are the 
best conserved positions. The apparent low variability around positions 75 and 180 on the 
histogram were caused by gaps generated in the alignment. 

Entire protein sequences were used in the other analyses in order to improve 
the resolution. In the second analysis, the Drosophila Na/K-ATPase sequence 
(Lebovitz, Takeyasa, and Fambrough, 1989) was included as outgroup in order to 
place the root of a tree encompassing a subset of sequences used in analysis 1. 
Adding this outgroup further confirmed the relationship between the PMCAs and 
the SERCAs. The PM CAs and the SERCAs were examined separately in analyses 3 
and4. 
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What Do the Cladograms Say about the Molecular Evolution of 
PMCAS and SERCAS? 
Cladograms (phylogeny-inferring tree figures) from the PAUP analyses are pre
sented in Figs. 4-7. Their main features and evolutionary implications are discussed 
below. 

The PMCA and SERCA Are Two Evolutionarily Distinct 
Calcium-pumping ATPases 

Fig. 4 shows one of the nine most parsimonious trees resultant from the branch-and
bound search. The nine trees have minor topological differences, but all have the 
same polytomy, i.e., that of mammalian SERCA2 (a polytomous node has more than 
two descendant nodes, which can result from uncertainty in relationships due to lack 
of resolution in the data, or from a simultaneous multiple branching event, see 

Figure 4. A redrawn rootless tree from the branch-and-bound analysis using the twenty-five 
partial calcium pump sequences. A dichotomy between the plasma membrane calcium 
ATPase (PMCA) and the organellar ATPase (SERCA) is suggested by the separation of the 
two pumps. 

Maddison, 1989; and Maddison and Maddison, 1992). The most striking feature of 
this rootless tree is the parity of the PM CAs and the SERCAs. They are manifestly 
the two most distant clades, though it is unclear how the two groups are related to 
each other in terms of ancestral-descendent polarity because the tree is rootless. 

By including the fly Na/K-ATPase as the outgroup, the root could be placed 
between the PMCAs and the SERCAs (Fig. 5). Interestingly, in this analysis the 
fungal and the protozoan calcium pumps were grouped with the PMCA clade, 
though they have been presented as functionally more SERCA-like and though 
sequence similarity data also indicate otherwise. A cladistic analysis of the entire 
P-type ion pump gene group can provide insights into the evolutionary relationships 
among the different ion-specific pumps. One issue that we hope can be better 
addressed by such an analysis is how the two calcium pumps are related to each other 
as well as to other ion pumps. 
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lsoformity Is an Essential Feature of the Molecular Evolution in the Two 
Calcium Pump Gene Families 
Multiple genes encoding different calcium-pumping ATPases have been found in the 
PMCAs, in the SERCAs and in the fungal calcium pump genes. The isoforms have 
been numerically named based on sequence similarity data, and synonymous iso
forrns have been found in different species. There is yet not enough experimental 
data to provide a good explanation of isoformity, but one can speculate that it must 
have involved gene multiplication and must have been subjected to selective pro
cesses, perhaps mostly of a developmental nature. 

Six equally most parsimonious trees were found by PAUP for the SERCAs (Fig. 
6). Using the nonvertebrate genes as outgroups, the vertebrate genes clearly show a 
tripartite classification. The SERCAl clade displays a hierarchical branching pattern 
that is congruent with the systematic ranking order of the four vertebrate taxa 
represented here (two mammalians, one bird, and one amphibian). Among the 

.-------- tomato-serca 

fly-serca 

Artemia-serca 

.------- rat-serca3 

rabbit-serca2 

chick-serac2 

rabbit-serca 1 

chick-serca1 

frog-serca 

bakersyeast-ca2 

Leishmania-ca 

rat-pmca3 

rat-pmca2 

human-pmca3 

rat-pmca1 

human-pmca1 

'----------- fly-Na/K-pump 

Figure 5. The rootless tree from the 
branch-and-bound analysis using the 
full-length sequences of a subset of 
the calcium pumps. The Drosophila 
sodium/potassium pump is included 
in order to locate the rooting of the 
cladogram. The PM CAs and the SER
CAs are separated, and the fungal 
and the Leishmania pumps are sug
gested to be more closely related to 
the PM CAs than to ther SERCAs. 

SERCA2s, the five mammalian genes are so closely related to each other that there is 
no definite resolution to their polytomy in the partial sequence cladogram, except for 
the apparently stable clade between the human and the rabbit SERCA2 genes. 
There is only one SERCA3 included in this study, and we expect new SERCA3 genes 
will help strengthen this isoforrn's position. 

A similar delineation of the PMCA isoforrns can be observed in the single most 
parsimonious cladogram for the PMCAs and the fungal and the protozoan calcium 
ATPases, with the two clades being outgroups to each other (Fig. 7). A puzzling 
result from this analysis, however, is the designation of the rat PMCA2 gene to the 
otherwise PMCA3 clade. Pairwise distances between these genes are considerably 
larger than those in the PMCAl group. This incongruency may have been caused by 
a designation problem. The human PMCA in this clade was originally published as 
isoforrn 3 (Strehler, James, Fischer, Heim, Vorherr, Filoteo, Penniston, and Cara
foli, 1990). It has since been referred to as isoform 4 (e.g., Brandt, Neve, Kanmes-
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heidt, Rhoads, and Vanaman, 1992), in which case each of the three members of this 
clade represents a different isoform. Alternatively, the various PMCAs may have 
resulted from a diversifying process following different and perhaps more complex 
pathways than the SERCAs and the Na/K pumps in that isoforms originated in a 
nested fashion. In any case, the number of PMCA genes available is too few to 
provide a satisfactory resolution. The current PMCA data consist solely of mamma
lian genes, unlike the SERCAs where a wider range of organisms are represented, 
and unlike the Na/K-ATPases (Shull, Greeb, and Lingrel, 1986; Takeyasu, Lemas, 
and Fambrough, 1990; Lingrel, 1992) where there seems to be consistent isoform 
groupings between mammals and birds. 

The Modern Molecular Diversity of the Calcium Pump Genes May Have 
Arisen Via Diverse Evolutionary Processes 

An important task for molecular evolutionary studies is to explore the mechanisms 
by which genes and genomes evolve. Despite the relatively small and skewed data set, 

Artemia-serca 

fly-serca 

r------- rat-serca3 

human-serca2 

rabbit·serca2 

pig-serca 

'---- rat·serca2 

rabbit·serca 1 

rat-serca1 

chick-serca1 

...._ __ frog-serca 

Figure 6. One of the six rootless trees 
from the branch-and-bound analysis 
using the full length sequences of the 
SERCA-type calcium pumps. With 
the nonvertebrate genes as outgroup, 
there is a tripartite delineation of the 
vertebrate genes. The SERCA2 clade 
is unstable in terms of the ranking 
order of the mammalian members. 

results from the current study have provided several insights into how the molecular 
biological diversity of the calcium-motive A TPases came into being. 

Our first observation is that the gene multiplication that gave rise to the 
currently observed isoforms seems to have involved an evolutionarily event after the 
vertebrates separated from the rest of the biota on earth in the late Cambrian and 
the early Ordovician periods, more than 500 million years before the present time 
(Valentine, 1985; Carroll, 1988). This is best demonstrated by the case of SERCAs. 
Mammalian, avian and amphibian SERCAs fit very well into distinct isoform clades 
and are clearly separated from nonvertebrate genes. Searching for new genes in the 
lower vertebrates (fishes, more amphibians, reptiles) should help determine (a) 
exactly when, on the evolutionary scale, the isoform-generating event occurred, and 
(b) which of the isoforms has been the "house-keeping" or "stem" SERCA. Because 
of the tissue specificity of the isoforms, the latter question is of particular evolution-
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ary interest as its answer will shed light on the historical development of organismal 
complexity in the vertebrates. 

Furthermore, the development of isoforms in other organismal groups does not 
seem to be related to that in the vertebrates. It is not yet known whether there are 
multigenic isoforms of calcium A TPases in the three nonvertebrate taxa, though the 
Artemia SERCA has been shown to have two pseudo-isoforms resulting from 
alternative splicing of the primary transcript (Escalante and Sastre, 1993). Nonethe
less, no overlap was found between any of the nonvertebrate genes and any of the 
vertebrate SERCAs, the latter showing a definite pattern of isoform subdivision. The 
two fungal gene isoforms, on the other hand, have already demonstrated that 
isoformity is not confined to the vertebrate calcium pumps. Given that the verte
brates represent but a small fraction of the biological diversity on Earth, the 
molecular evolution for their calcium pump isoforms should be interpreted neither 
as unique nor necessarily as a general model. It would not be surprising should new 

human-pmca1 

pig-pmca 

rat-pmca3 

rat-pmca2 

bakersyeast -ca2 

fissionyeast-ca 

Figure 7. The rootless tree from the 
branch-and-bound analysis using the 
full-length sequences of the PMCA
type calcium pumps. The incongru
ency in mammalian PMCA2-3 clade 
can perhaps be resolved ifthe human
PMCA3 is redesignated as a PMCA4 
(see text). 

patterns of isoform development be discovered in other groups. Much more data are 
needed to explore the possibility of multigenic pump isoforms, in addition to the 
multiple transcript-products, in higher invertebrates such as insects and crustaceans, 
as these organisms display developmental and physiological sophistications that to 
some degree are comparable to those observed in the vertebrates. 

The final observation from this study is that the history of the calcium
transporting ATPases appears to be one with intertwined paralogous and ortholo
gous evolutionary events. Orthology and paralogy are two critical concepts related to 
homology (Fitch, 1970; Patterson, 1988). The former has been defined as "common 
ancestry by speciation," and the latter "ancestry by gene duplication" (Miyamoto 
and Cracraft, 1991). The vertebrate SERCA isoformity appears to be a classic 
example of paralogy. Orthologous gene evolution, which by definition must be 
congruent with organismal systematics, can be observed on more than one level. 
First, the SERCAl clade immediately reminds one of the phylogeny of those species. 
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Despite the uncertainties in the ranking order among the rat, the cat and the pig 
genes, the human and the chick SERCA2 genes appear to be placed in positions that 
also properly reflect the phylogenetic positions of the species. Orthology is also 
evidenced by the obvious lack of overlap between genes from very different organis
mal groups. As noted above, there seems to be no connection of the arthropod, the 
higher plant, and the fungal genes with any of the vertebrate isoforms, and nonverte
brate isoformity, if any, is thus predicted to have evolved completely independently 
from that of the vertebrates. Finally, the counter-intuitive designation of rat PMCA2 
to the supposed PMCA3 clade suggests that new isoforms can evolve independently 
within a particular genome during its evolutionary history, although the limited data 
to date do not allow for an assertive conclusion to be made. 
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Appendix 

Computer Programs for Phylogenetic Analysis 
MacClade 3: Exploring character evolution using phylogeny. Wayne Maddison 
(Ecology and Evolutionary Biology, University of Arizona, Tucson, AR) and David 
Maddison (Entomology, University of Arizona, Tucson, AR). 

Just as evolutionary change follows the branches of the phylogenetic tree, so 
should our explanations of similarities and differences among organisms. We need to 
think vertically, in terms of the tree and evolutionary changes along its branches. 
MacClade 3 was designed to help our mind's eye see the phylogenetic tree and 
explore hypotheses of character evolution. It consists of a computer program and a 
book, which contains an overview of phylogenetic theory and of the need for a 
phylogenetic perspective in biology, as well as instructions for use of the program. 
The program includes many components, such as a spreadsheet data editor, a tree 
window, charting windows, and so on, but perhaps its central function is to recon
struct and graphically display the history of character evolution on the phylogenetic 
tree. As the user explores alternative phylogenetic trees by moving branches and 
other manipulations, MacClade gives feedback via tree graphics, statistics, and 
charts. Characters can be discrete- or continuous-valued, and various assumptions 
are available in determining the reconstruction of ancestral states. Charts and 
statistics summarize the reconstructions and can be used to test hypotheses such as 
those of correlated character evolution. The program shares a common file format 
with the phylogenetic programs PAUP and COMPONENT, allowing complemen
tary use of the programs. MacClade functions on Apple Macintosh computers. It is 
available from Sinauer Associates, 23 Plumtree Road, Sunderland, MA 01375-0407, 
(413) 549-4300. 

PAUP: A computer program for phylogenetic inference using maximum parsimony. 
David Swofford (Laboratory of Molecular Systematics MRC 534, National Museum 
of Natural History, Smithsonian Institution, Washington, DC 20560). 

One of the impediments to the use of phylogenetic analysis by biologists who are 
not primarily systematists has been the complexity of available computer software for 
estimating evolutionary trees. The PAUP (Phylogenetic Analysis Using Parsimony) 
program addresses this difficulty by combining powerful exact and approximate 
tree-searching algorithms with a friendly user interface and clear, easily interpret
able output. Input can be in the form of traditional qualitative characters (e.g., 
morphological attributes, restriction site presence I absence) or macromolecular 
sequences. Although the program is primarily intended for phylogenetic estimation 
under the maximum parsimony criterion, a wide range of assumptions can be 
accommodated (e.g., ordered versus unordered character states; free reversibility 
versus irreversibility; character weighting, including differential weighting for first, 
second, and third positions; transformation weighting where the user specifies the 
"cost" of a change from each state to each other state). P AUP also provides a variety 
of tools for comparing, manipulating, and drawing trees (e.g., filtering of trees 
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according to topological and goodness-of-fit criteria; comparing sets of trees using 
operations on files of saved trees). 

PAUP shares a common file format (NEXUS) with other programs including 
MacClade and Component, and can import and export data files in several other 
formats (e.g., PHYLIP, GCG/MSF). A graphical user interface is available for the 
Apple Macintosh. Other supported platforms (as of July, 1994) include DOS, Unix, 
and VMS microcomputers, workstations, and mainframes. The non-Macintosh 
platforms use the "portable" (command-line) interface. For information on how to 
obtain the program, contact the author at the address above or send e-mail to 
swofford@onyx.si.edu. 
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