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Preface

Every few years, researchers from many nations gather to present and discuss the
latest data and ideas on the workings and structure of the sodium pump. Successive
meetings have been held under the auspices of the New York Academy of Sciences
(1973), Aarhus University in Denmark (1978), Yale University (1981), Cambridge
University in England (1984), and Aarhus University again (1987). The 6th Interna-
tional Sodium Pump Meeting, organized by the editors of this volume, was held in
September 1990 at the Marine Biological Laboratory in Woods Hole, Massachusetts,
as the 44th Annual Meeting of the Society of General Physiologists. There were
nearly 400 participants.

The present volume contains the plenary presentations made at the Woods
Hole symposium. The companion volume, entitled The Sodium Pump: Recent Devel-
opments, contains over one hundred condensed papers presented in poster form
during the five-day gathering. Both volumes are divided into thematic sections that
follow the organizational format of the meeting itself. We trust that the contents of
these volumes convey the sense of excitement and expectation that we as participants
enjoyed.

We thank all the participants in the meeting, the director and staff of the Marine
Biological Laboratory, Woods Hole, Massachusetts, and the officers of the Society of
General Physiologists. The conference would not have been possible without finan-
cial support from the Lucille P. Markey Charitable Trust, the National Institutes of
Health, the National Science Foundation, and the U.S. Army Medical Research and
Development Command. We were particularly pleased to be able to offer two dozen
accommodation awards to young investigators from around the world. We are
grateful to Jane Leighton and Sue Lahr for their tireless efforts to ensure the smooth
running of the meeting, and to Jeanne Hess and her colleagues at the Rockefeller
University Press for their patient efficiency in enabling us to bring these volumes to
timely publication.

A few days after the meeting we were saddened to learn of the tragic death of
Professor Peter Lauger of Konstanz. Professor Lauger had been an active contribu-
tor to our field, and his lucid presentations will be greatly missed by his friends and
colleagues. This volume is dedicated to the memory of Peter Lauger.

Paul De Weer
Jack H. Kaplan
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Chapter 1

Regulation of the a-Subunit Genes of the
Na,K-ATPase and Determinants of Cardiac
Glycoside Sensitivity

Jerry B. Lingrel, John Orlowski, Elmer M. Price, and
Bhavani G. Pathak

Department of Molecular Genetics, Biochemistry and Microbiology,
University of Cincinnati College of Medicine, Cincinnati, Ohio
45267-0524
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2 The Sodium Pump: Structure, Mechanism, and Regulation

The Na,K-ATPase enzyme is a plasma membrane~bound, oligomeric protein consist-
ing of an a- and B-subunit in a one-to-one stoichiometry (Jorgensen, 1982). The
a-subunit is well recognized as mediating the catalytic processes of the enzyme,
whereas a clear understanding of the function of the B-subunit remains more elusive.
Nonetheless, the accumulating evidence appears to support the hypothesis that the
B-subunit facilitates the correct assembly and transport of the a-subunit into the
plasma membrane (Geering, 1990; Noguchi et al., 1990). Na,K-ATPase is now
known to belong to a multigene family. Three distinct isoforms of the a-subunit
(al, o2, and a3) have been identified by molecular genetic and immunological
techniques (Sweadner, 1989; Lingrel et al., 1990). Similarly, two isoforms for the
B-subunit (81 and $2) have been identified (Vasallo et al., 1989; Lingrel et al., 1990)
and, more recently, the existence of a third B-subunit isoform (f3) has been reported
(Jaunin et al., 1990). The a and B isoform genes are expressed in a tissue- and
cell-specific manner, and are subject to developmental and hormonal regulatory
influences (for reviews see Gick et al., 1988; Sweadner, 1989; Lingrel et al., 1990).
However, the precise molecular signals responsible for mediating alterations in
expression of the individual « and B isoform genes in different tissues are not well
defined. Furthermore, a detailed understanding of the physiological role played by
each subunit isoform remains to be elucidated. The potential for the formation of
distinct complexes of each « and B isoform subunit is an area of great interest and
may account for the diverse functional properties of the enzyme (De Weer, 1985). To
provide further insight into these questions, we have undertaken studies designed to
identify the molecular stimuli that regulate Na,K-ATPase genc expression with
particular focus on rodent cardiac tissue as well as an analysis of the human « isoform
genes and their expression. In addition, we are examining the structure—function
interactions of cardiac glycosides with Na,K-ATPase.

Regulation of Na,K-ATPase Gene Expression in Cardiac Tissue

In rat cardiac tissue, the Na,K-ATPase a isoform genes exhibit a complex pattern of
expression during development (Orlowski and Lingrel, 1988). The al mRNA is the
major a isoform transcript (~70-75% of total « mRNA abundance) expressed at all
developmental stages (i.e., fetal to adult). In contrast, the a2 and «3 isoform gene
transcripts are present in minor abundance (~25-30%, a2 + o3, of total a-subunit
mRNA abundance) and exhibit a developmentally regulated transition in expres-
sion. The a3 isoform transcript is expressed primarily in fetal and neonatal heart.
However, at 2 wk after birth the abundance of &3 isoform mRNA declines to
negligible levels and is replaced quantitatively by the a2 isoform. This change persists
during subsequent development of the young adult heart up to 55 d of age, the last
time point measured (for summary, see Table I). The physiological significance of
the reciprocal switch in o2 and o3 isoform gene expression in relation to rat cardiac
function is not understood at this time. Interestingly, Herrera and co-workers
(Herrera et al., 1988) have reported that the a3 isoform mRNA reappears in heart
tissue of older rats, although the cause of this change is unknown.

To understand further the developmental switch of a2 and o3 isoform mRNAs
in the heart, we used primary cultures of neonatal rat cardiac myocytes that are
maintained in serum-free, chemically defined medium. This in vitro system allows for
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a direct assessment of the effects of various hormonal modulators on cardiac
expression of Na,K-ATPase. The initial studies focused on thyroid hormone (triiodo-
thyronine, T,) since this agent has been shown to regulate Na,K-ATPase activity in
heart (Curfman et al., 1977; Philipson and Edelman, 1977), as well as numerous
other tissues (Lo et al., 1976; Lin and Akera, 1978; Haber and Loeb, 1988; Rayson
and Edelman, 1988; Schmitt and McDonough, 1988). In addition, the influence of
glucocorticoid and an al-adrenergic agonist were also examined as these substances
arc known to alter Na,K-ATPase activity in organ systems (Sinha et al., 1981; Rayson
and Edelman, 1982; Mernissi and Doucet, 1983; Swann and Steketee, 1989) other
than heart.

Control cultures of myocardiocytes that have been maintained for 3 d in the
absence of hormones other than insulin express only the al isoform mRNA (Or-
lowski and Lingrel, 1990). The o2 and a3 isoform mRNAs that are present in the
freshly excised neonatal hearts (2 d of age) used for preparing the myocardial cell
cultures are apparently downregulated during the initial culture period. The pres-
ence of both a2 and o3 isoform mRNAs is expected in neonatal hearts as the
developmentally regulated transition in their expression is occurring during this time

TABLE 1

Summary of the Relative Abundances of the Na,K-ATPase a Isoform
mRNAs in Cardiac Tissue during Development and in Cultured Cardiac
Myocytes in Response to Hormones

Cardiac tissue Cardiac myocytes
Fetal Neonatal  Adult Control T, DEX T, + DEX
al ++++++ ++++++ ++++ ++++++ ++++++ A+ A+
a2 - + ++ - ++ + ++
a3 + ++ - - ++ - -

period in vivo. The addition of T, to the culture media results in a several-fold
induction in the abundance of the o2 and a3 isoform mRNAs, whereas al isoform
mRNA levels remain unchanged. While the kinetics of appearance of the o2 and a3
isoforms vary somewhat, both are increased by this hormone. Therefore, T, cannot
be solely responsible for the switch in « isoform expression. This situation is unlike
that observed for the cardiac - and B-myosin heavy chain isoform genes whereby T,
functions as the primary modulator for the inverse regulation of these genes in vivo
and in vitro (Hoh et al., 1977; Lompre et al., 1984; Gustafson et al., 1987; Orlowski
and Lingrel, 1990). The results, therefore, suggest that an additional agent or agents
may be responsible for the downregulation of a3 isoform mRNA that occurs during
cardiac muscle development in vivo at a time when o2 isoform mRNA is increasing in
abundance.

To assess further the requirements for control of myocardial Na,K-ATPase gene
expression, the synthetic glucocorticoid dexamethasone (DEX) was added to the
cultures alone or in combination with T,. The addition of DEX to the cultures
modestly stimulated o2 isoform mRNA accumulation without influencing the abun-
dance of al and o3 isoform mRNAs. Interestingly, treatment of the cultures with
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both T, and DEX caused an increase in a2 isoform transcript levels similar to that
observed with T, alone. However, the T, stimulation of a3 isoform mRNA was not
observed, suggesting that DEX specifically represses the induction of a3 isoform
mRNA in the presence of T, (for summary see Table I). Thus, the pattern of a2 and
a3 isoform mRNA expression in response to thyroid plus glucocorticoid hormones in
vitro appears to mimic the isoform switch observed in the intact heart in vivo.
Treatment of the myocardiocytes with the al-adrenergic agonist, norepinephrine,
which is known to influence a switch in the transcription of the cardiac sarcomeric
actin isogenes (Long et al., 1989), did not appear to greatly influence the expression
of the Na,K-ATPase « isoform mRNAs. While additional factors may also be
involved in the developmental switch, it is tempting to speculate that thyroid and
glucocorticoids play an important primary role in this transition of Na,K-ATPase «
isoform gene expression. Complementary evidence supporting this view can be
derived from studies which show that the plasma concentrations of thyroid (Walker
et al., 1980) and glucocorticoid (Henning, 1978) hormones increase during the early
neonatal period in a synchronous pattern with the developmental switch in o2 and a3
isoform mRNA levels. However, to confirm an important regulatory role for these
two hormones in the control of Na,K-ATPase a2 and a3 isoform gene expression,
further experimentation in vivo using thyroidectomized and/or adrenalectomized
animals is required. Based on the results from the myocardial cell cultures, one can
predict that in hypothyroid adult animals the al isoform mRNA would be the major
o isoform transcript present, whereas a2 and o3 isoform mRNA abundances would
be at negligible levels. Administration of T, should augment o2 isoform mRNA levels
without stimulating o3 isoform mRNA abundance, assuming that sufficient plasma
glucocorticoid levels are still present to suppress o3 isoform mRNA expression.
However, in adrenalectomized animals, both a2 and a3 mRNAs would be expressed
in the adult heart due to the stimulatory influence of endogenous plasma T,. Two
recent publications (Gick et al., 1990; Horowitz et al., 1990) using hypothyroid
animals provide supporting evidence for this view. The results show that in the
hypothyroid state a] isoform mRNA is the predominant « isoform. Administration
of T, induces primarily the o2 isoform mRNA, and to a lesser extent the a1 isoform,
without any effect on o3 isoform mRNA abundance, which remains undetectable.
The stimulatory effect of T, on al isoform mRNA in vivo was not observed in the
myocardial cell cultures. This difference may be accounted for by secondary or
synergistic interactions of thyroid hormone with other endocrine systems that
influence cardiac Na,K-ATPase al isoform mRNA abundance. The effect of adrenal
ablation on cardiac Na,K-ATPase gene expression still remains to be assessed.

Another issue that remains to be addressed is the differential time course of
induction of a2 and a3 isoform mRNA in response to T, in cultured myocardiocytes,
with a3 isoform mRNA levels increasing more rapidly than o2 isoform mRNA. This
in vitro pattern mimics the slower induction of a2 isoform mRNA observed in fetal
and neonatal heart relative to that for «3 mRNA. One possible explanation for this is
that the o2 and a3 isoform genes may be differentially sensitive to the T, receptor.
Alternatively, other transcriptional or posttranscriptional regulatory factors in the
fetal heart may be regulating « isoform expression. At the present time it is unknown
whether the alterations in the abundances of the « isoform mRNAs in vivo and in
vitro are controlled at the transcriptional or posttranscriptional levels. This is an area
of continuing investigation.
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Cloning and Expression of the a-Subunit Isoform Genes

A detailed understanding of the differential expression and regulation of the
a-subunit genes will ultimately require analysis of nucleotide sequences involved in
expression. To this end, we have isolated the human genes corresponding to the al,
a2, and o3 isoforms and the rat gene encoding that a3 isoform (Shull et al., 1989,
1990; Pathak et al., 1990). The entire human o2 isoform gene has been sequenced,
including 1,500 nucleotides of the 5'-flanking region. The 5’-flanking sequences of .
the human «l and @3 isoform genes and the rat o3 isoform gene have been
determined as well.

An examination of the 5' end of the human « isoform genes for potential
trans-acting factor and hormone binding sites has revealed the presence of a number
of such sites in each of the genes. A comparison of the 5'-flanking region of the
human a1, a2, and a3 isoform genes is shown in Fig. 1. The human «2 and «3 isoform
genes each contain more than one transcription initiation site, while the ol isoform
gene contains only one such site. Approximately 20-30 bp upstream of the transcrip-
tion start sites each of the genes contains a potential TATA box (marked on Fig. 1).
This sequence is not identical in the three genes. The human a3 isoform gene also
contains a CCAAT box, in reverse orientation, located ~30 bp upstream of the
potential TATA box. This sequence is not found in either the al or o2 isoform genes.
Upstream of the basal promoter elements each of the human « isoform genes
contains a number of potential frans-acting factor and hormone binding sites
(indicated in Fig. 1). These sites do not appear to be conserved in the three genes.
This indicates that each of the a isoform genes has its own distinct set of regulatory
elements that contribute to its differential regulation. A comparison of the CpG
dinucleotides in the 5'-flanking regions of the « isoform genes indicates that the al
isoform gene has a high number of CpG dinucleotides in this region compared with
the a2 and a3 isoform genes. It is known that CpG dinucleotides occur more
frequently in the 5’'-flanking region of housekeeping genes as compared with genes
expressed in a more tissue-restrictive manner. Thus, the number of CpG dinucle-
otides in the 5’ ends of each of the human « isoform genes correlates well with their
pattern of expression in different tissues.

A comparison of the 5’ ends of the human and rat o3 isoform genes is shown in
Fig. 2. Analysis of the transcription initiation sites of both the human and rat o3
isoform genes indicates that both genes have multiple initiation sites that are located
in the same region of the gene. In addition, both genes initiate transcription
predominantly at an adenine, which is in close agreement with that observed for
other eukaryotic genes (Breathnach and Chambon, 1981). Since this base is also the
5’-most predominant start site in both genes, we have designated it as +1 and have
numbered all 5' elements relative to this site. A comparison of the nucleotide
sequences of the 5’ ends of the human and rat a3 isoform genes shows regions of
highly conserved sequences. Upstream of the transcription initiation sites there is a
sequence ATAT (located at —27 in rat and —26 in human) which is a potential
TATA box. Approximately 30 bases upstream of the potential TATA box there is a
CCAAT sequence in the reverse orientation in both genes. Both the human and rat
a3 isoform genes contain a number of potential binding sites for trans-acting factors
and hormone receptors. These are listed in Table I1. Some of these binding sites are
conserved in both genes and are indicated in Fig. 3. These conserved sites consist of
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al  CGCCCTTCAGATTCTCATTTTGGAATCTCGAAGAAAGAGAGETEGTGGGAGGAGGECGCTTGAAACTTCTGGCGATGCCAGTTCAGATCG  —643
a2 GCCTGCTAGGAGTCCEEEEEGTTCCCCTCTAGCCCTGGCCTGCCCCTCCCTACCAGAGTCTTGATTCTCCTTCAAAACTTTGGAGAGGTT -645
a3 GGTGGAATATGAGTGCAACCCTGTGGTETGTGCETGTCCCCAGCATCTGEGCTATCAGTETEGATGGTCCTGTGTAACTGTGACGCTEGGE -646
GRE-R AP-2(R)
al  ATTCCAGCTATGACGGAGCGGGAAGTGEATAAAGAGGACCCCAAGTCACAGGAGECACTCTGAGAGCACCAAGCGCCCBEEEAGGCCATC  -553
a2 ACATCTGGCAGGGTTTGGGGAE;QQQTCTTGCCTCCATCTCCAAACTTCCCGCTGCCTCCCGAGCCACCTTTGACTCCTCCTGGGCCCCC -555
a3 A§§§I§IGGGCCTCCTGGGGCCATCCTCCACCGTg$$GTGTCTCCCGTGTACCCTGTGTGGTTGTGGCTCATTGGATAGCTCAGGCGTAG -556
AP-1 CACCC
ol  CGCAGGTGGGCGCGEEGCCTGGATTCCACAGAGEEGCGEAGTCCCTCAGTCAGGCGCTGECTECAATCACACCCGAGCGCCAGCCCCCTC  —463
a2 CTTCCAGGTGCCTCAAGTGCAGAGGTCAGCCTTCGGTTCAAATTCTATTTCTGGGCTTCAGTGTCCCTGCAACCTCTATAATAGAAggAi -465
a3 TGGGGGGGCACCCACAGTGAGGGAATCTCAGGGCTCCTCCCGCCAGCACCCCTCCTCAATTGCAAGGCCTTTCTTG§$CTCTTGTG$$€C -466
AP AP-2(R)
al CAGCATCCCTGAGTCCCAGAGGAGATCGCCGAAGCGCTGGAAAAGCCGTTCCGCCCACGACTTCTGGTGCCGGGTCGGCGGCGACTGGGG -3713
a2 QAGAGIQQ?EIATGTTTCTTTCTTTCTCTGGGAGATTGGATGTAGACTCGGGAGACCTGAGTTCTGGCTCTGTCTTATCAAT?EAAATTG -375
a3 CTTcCAACTTcCCCTCCTGCAGGGcCCTCTcCCTGAACAGCACTACCCCCCGccaTCTCCAGé§$CCCTGGTGCCACACTGCAGTQZiig -376
CAcCC )
@l GAGCCCAGTTCCGAGACCGTACCGCACCCACTGCGGACCTCCTGGGCCCTACATAGTAGGCGEG TCATGCAGGGCAGCGGEAGGAGEEEE -283
a2 TTTAATcTcTCTGAGcCTcAGTTTAccCACTTGGAAAZEXAEAGTTAGGCCACAT§§$CTCTGTCATCCTGGGATTCTGgg?éAACTGCT -285
a3 ACCGGGCTTCCCTCCEEEEECGTGTCACTACCCGCCCCCCCTCcccCAGcGTAccCTTCTCGGTGATGGCAEEEEECCACAATGAGAGGA -286
GRE
o1 GTGGGAGGGCCAAGGCCECCEAGTCCCCGCTGTTCAGCCAGCAGGABCECCCCECAGCCCTCCCGEGACACGETEGACACGCTTGTCCCA  -193
a2 CCCCTTCAGCCAGATCCTAGGGGGCATATCCCCCCAACCTGGGACCCAGGCCCCCTTCCCTTGCAGCCTCTCTCAGTTGTGAGTGCEiCi -195
a3 TTTCCGGGGTIIIQIITCCCTGAGCGCCCCTTCTTGGAGGCCCTACTCCATATTGAGGGGGTCTCCAAGTCCCCTATTGCGGAGGTCTCT -196
SP1 SP1
al  GACCTGGGCGCCCTCCTGCCGEGAGCCABGACTEGCCGCAGCAGGCRCTETCCREECCCETREGCEERGTTTCREGAGEGEECEEAGCCA  ~103
a2 QQQCAGAGGGGGTTGAGAGGAGCCAAGGGGGGGCATGCCGTGGGACAAACGGGCTGTCTAGGGCCAGTGGCTAAAGGGggéGGAGGGGAG -105
a3 GGGAATCCCCCEZEEECCGCAGCGCTCCCCCTTCGCGGCCGCGCCGCCACTTTGCGGAGCCCAAGGGGAGGACAGCTGCAGTACCAEEEQ -106
Ca Induction
al GGCCCACGGCCGGTGTCAGGTTGCTCCGGTAACGGTGACGTTTCGCGGCGTGGGCGGGGCCAGCACGCAGGTTGCATATTTT 6GAAGTG -13
a2  GAGTCCTCAGGGATCCTGTTTCAACAAACGTTTCTTTCGEAGGAGGGGAAGGCEEEG6AGAGGEGGAGAAGGACOTATTTAANGCTACCC -15
a3 @GcceégééCCGTCCGTCAGCACGCCGGCGCCCCT CAGCECCGCCCCCCTCCCRCGGACGCGEROATAT---FGAGGAGG -20
ol AGGAGGAGGCGLGGGLTGGAGCTGCGECEGEGTCTEEGGCECABAGCAGCGGCGEEAGGAGGCGGACACGTGGCAACAGCEETAGCAGCT +78
a2 TGTTGCTITGGCj?TCigTCTGCCAGGGTCTCCGACTGTCCCAGACGGGCTGGTGTGGGCTTGGGATCCTCCTGGTGACCTCTCCCGC +76
a3 CGGAGGCBBCGGCCBCCECABCCTCTTGC0RTGRBACCARCGOACGGACGGACEACELGCELACCTACCRAGGCGOOGECRCTECAGA +71

Figure 1. Comparative analysis of the nucleotide sequence of the 5’ ends of the human a1, o2,
and o3 isoform genes. The transcription initiation site of each gene is marked by arrows. The
numbers on the right refer to nucleotide position relative to the 5'-most transcription
initiation site of each of the genes. Potential TATA and CCAAT sequences are boxed.
Potential transcription factor and hormone binding sites are underlined and marked.
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GTGATGGTCCTGTGTAACTGTGACGCTGGGCATTTTCTGGGCCTCCTGGGGCCATCCTCCACCG TGTTGTGTCTCCCGTGTACCCTGTG -588

GTGATGGTGGTACCTAACTGTAGTGG GGGCATCTTCAGAGCCTCCTGGTGTGAGCTTCTGGCTTTGTTGTGTCTCCTTTGTGCTG---- -561
GRE

TGGTTGTGGCTCATTGGATAGCTCAGGCGTAGTGGGGGGGCACCCACAGTGAGGGAATCTCAGGGCTCCTCCCGCC ----- AGCACCCCT -503

sesen : s2es s s szt

———-TGTGGGGTGGTATGTCTTAGGTGTTCAGTCATGGGGACACAGTGCAGAGGATCTTAGGAGCCCCCTCCCATCTCTGTAGCACCCCT -475
CACCC

CCTCAATTGCAAGGCCTTTCTTGCTCTCTTGTGTTCCCTTCCAACTTCCCCTCCTGCAGGGCCCTCTCCCTGAACAGCACTACCCCCCGC -413

CCACCAGTCTCCCCATCACGCGTACCATCTTCTTCCTGAACAGTATCAAACACAGATTCCTGGGGTCCCCTCTACATACTGCAAGATGGT -385

CGTCTCCAGGGTCCCTGGTGCCACACTGCAGTGATTCACCGGGCTTCCCTCCCACCCCGTGTCACTACCCGCCCCCCCTCCCCCAGCGTA -323

GGTACTCTGGGGCCCTGCATT-—-ACTGCAGTTCCTTGAGGCG--TCCCTCCTACCCTGAATCCACCCCACT ------------------ -318

CCCTTCTCGGTGATGGCACACCCCCACAATGAGAGGATTTCCGGGGTTTTCTTTCCCTGAGCGCCCCTTCTTGGAGG--CCCTACTCCAT -235

______________________ CCCAGAAGGAGGTAGATTCTGGGGTGCTTCCTCCCTCAAAGCCTCAGTCCCTAAGGTCCCTCCCTACA -250

ATTGAGGGGGTCTCCAAGTCCCCTATTGCGGAGGTCTCTGGGAATCCCCCCACCCCCGCAGCGCTCCCCCTTCGCGGCCGCGCCGCCACT -145

TTGAGCGGGGTCTCTAGGTCCCCACCCTGGGGGTGTCCGGG———-ATCCCCACCCCCCACTGCGCTTAGCTTCTCGGTGGCGCCGCCA T -165
AP-2
CACCC

TTGCGG AGCCCA“ ’"’”"”GACAGCTGCAGTACCAGGGGCGGGGCCGCGGGCCGTCCGTCAGCACGCC -77

TTGCAGAAACAAGGTTGGAGCGGTGAAGGGGGAAGGGGGAGTACAGCTGCAGTACCGGGGGCCGGGCCTCTAGCTGTCCGTCTGCTCAGG -75
T GRE (R) SP-1

GGCGCCCCT TTGGCCAGCGCCGCCCCCCTCCCGCGGACGCGGG TATGAGGAGGCGGAGGCGGCEGCCGCCGCAGCCTCTGTGCGGT  +14

GCCGCTCCT TTGACCAGAGCCGCCTCCC- CCCGCGGGCGCGGG TATGAGGAGGCGGAGGCC-CGGCCGCCGCAGCCTCTGTGCCGT  +14
“SP-1 (R)

GGGACCAACGGACGGACGGACGGACGCGCGCACCTACCGAGGCGCGGGCGCTGCAGAGGCTCCCAGCCCAAGCCTGAGCCTGAGCCCGCC +104

GGGACC--C--ACGGACCGACAGACGCACGCTCCCAACGCGGCGCGGGCGCTGCAGAGGCCCCCAGCCCGAGCCCGCGCCTGAGCCCGTC +100
TTRE

CCGAGGTCCCCGC C CC GCCCGCCTGGCTCTCTCGCCGCGGAGCCGCCAAGATGGGG/gtaggt .Intron 1... +160

CTGCGGCCACCGCTCACCAGCCTGTCCGCCGCTCTTCCCGCGGAGCCGCCAAGATGGGG/gtaggt JIntron 1... +159
MetGly
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Figure 3. (4) Plasmid construct pRATa3 CAT. Approximately 1.6 kb of the 5’'-flanking
sequence of the rat a isoform gene was fused to a reporter gene, the CAT gene CAT in the
plasmid vector bluescript (KS—). (B) CAT assay in transgenic mouse tissues. Various tissues
from a transgenic mouse were homogenized in a polytron homogenizer and heat inactivated
for 5 min at 65°C. Tissue extract containing 50 p.g of total protein after heat inactivation was
incubated with “C-labeled chloramphenicol and 4 mM acetyl CoA at 37°C for 3 h. The
reaction mixture was extracted with ethyl acetate and the products were resolved by thin layer
chromatography.

binding elements for transcription factors SP1 and AP-2 and also for the glucocorti-
coid (GRE) and thyroid hormone (TRE) receptors. There is a conserved CACCC
box in both genes (located at —199 in rat and —180 in human). CACCC regions can
bind a protein factor that interacts with the glucocorticoid receptor (Dierks et al.,
1983; Shiile et al., 1988). This CACCC box in the a3 isoform gene is located ~ 70 bp

Figure 2. Nucleotide sequence of the 5’ end of human and rat o3 isoform genes. The upper
sequence is that of the human gene (/) and the lower sequence is the rat gene (R). The colons
indicate nucleotides that are identical in both sequences. Transcription initiation sites are
indicated by arrows. Potential TATA and CCAAT sequences are boxed. Potential transcrip-
tion factor and hormone binding sites that are conserved in both genes are underlined.
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from a potential conserved GRE and could interact with it. Therefore, while the
human a1, a2, and a3 isoform genes have diverged extensively, the o3 isoform genes,
at least in rat and human, are reasonably conserved. This type of comparison helps
identify sequences that may be important in expression and regulation of the gene by
virtue of their conservation among species that have diverged over a reasonable time.

The availability of 5’ sequences makes it possible to test whether this region
contains information required for regulated expression of the various isoform genes.
Regulatory sequences often occur in this region but sometimes are present in other
regions of genes (e.g., introns). Several approaches are available for studying
regulated expression. One is to transfect the entire gene into appropriate cell lines
and follow expression. Another is to prepare transgenic mice carrying the construct
gene. Since the o isoform genes are fairly large in length it is difficult to design and
manipulate constructs containing the entire gene. Another approach to studying
gene regulation is to fuse the 5’ end of the gene, which in many cases is found to
contain most or all of the regulatory signals, to a reporter gene such as the bacterial
chloramphenicol acetyltransferase (CAT) gene. This chimeric gene construct can
then be introduced either into cells or into transgenic mice. The presence of CAT is
an index of transcription. We are using both approaches but have had reasonable
success with transgenic mice, at least with respect to the o3 isoform gene.

The 5'-flanking sequence of the rat a3 isoform gene, encompassing nucleotides
—1,596 to +77, has been attached to the CAT gene and the chimeric transgene has
been injected into the fertilized eggs of mice (Fig. 3 4). The injected eggs were
reimplanted into foster mothers and the resulting offspring were assayed for the
presence of injected DNA in the genome. Five founder lines were identified. Each of
these lines contains the transgene integrated at different locations in the genome.
These founders were then crossed with nontransgenic mice and the resultant
heterozygotes were used for assaying the expression of the transgene. CAT activity
was determined in various tissues of the transgenic mice. CAT expression in tissue
extracts of a mouse from one of these lines is seen in Fig. 3 B. The transgene is
expressed at high levels in brain, as expected for the o3 isoform gene, but not in other
tissues with the exception of lung. We have studied expression of the transgene in
mice from a total of three different lines. In all cases it appears that the transgene is
expressed primarily in the brain. Different lines have minor levels of CAT expression
in a few other tissues as well. This is probably due to some chromosomal effect
depending on the site of insertion of the transgene. It therefore appears that 1.6 kb of
the 5'-flanking sequence of the rat o3 isoform is sufficient for tissue-specific
expression. It is now important to determine whether the sequences for developmen-
tal expression are also present, i.e., whether the a3 isoform is expressed in fetal brain
and fetal and neonatal heart as is the endogenous gene. With this system it should be
possible to delete sequences from the 5’ end and determine which regions are
responsible for the tissue-specific expression of the o3 isoform gene.

Determinants of Ouabain Sensitivity

Cardiac glycosides are known to interact with the Na,K-ATPase and inhibit its
activity. This is the basis for the therapeutic use of the digitalis class of drugs to treat




Na,K-ATPase, Gene Regulation, and Structure-Function Studies 11

congestive heart failure. Ouabain, a cardiac glycoside often used in the laboratory,
has long been used as a marker for selecting cells in culture. For example, the
a-subunit of the murine Na,K-ATPase confers resistance to sensitive cells such as
HeLa, which have a sensitive enzyme. There is a 1,000-fold difference in sensitivity
between the rodent and human enzymes, with the human being more sensitive.
Ouabain can thus be used in selecting somatic cell hybrids resulting from the fusion
of murine and human cells.

It has previously been shown that the naturally occurring resistance of mouse
and rat cells to ouabain resides in the a-subunit (Fallows et al., 1987). Advantage has
been taken of this observation to confer resistance to sensitive cells via transforma-
tion. The mouse al isoform cDNA carried in an expression vector has been used to

TABLE II1
Effect of H1-H2 Border Residues on Quabain Sensitivity

Able to confer

Mutations in the H1-H?2 extracellular domain resistance to I,
ouabain
M
Wild-type sequence
Gln-Ala-Ala-Thr-Glu-Glu-Glu-Pro-Gln-Asn-Asp-Asn No 8 x107°
Mutant
Arg-Ala-Ala-Thr-Glu-Glu-Glu-Pro-Gln-Asn-Asp-Asp Yes 1x10™
Arg-Ala-Ala-Thy-Glu-Glu-Glu-Pro-Gln-Asn-Asp-Asn Yes 1x10°¢
GIn-Ala-Ala-Thr-Glu-Glu-Flu-Pro-Gln-Asn-Asp-Asp Yes 1x10°°
Asp-Ala-Ala-Thr-Glu-Glu-Glu-Pro-Gin-Asn-Asp-Arg Yes ~4x107
Lys-Ala-Ala-Thr-Glu-Glu-Glu-Pro-Gln-Asn-Asp-Glu- Yes 5x107°°
Glu-Ala-Ala-Thr-Glu-Glu-Glu-Pro-Gln-Asn-Asp-Glu Yes 8 x 107
Lys-Ala-Ala-Thr-Glu-Glu-Glu-Pro-Gln-Asn-Asp-Lys Yes 4107
Ala-Ala-Ala-Thr-Glu-Glu-Glu-Pro-Gln-Asn-Asp-Ala No —
Gln-Ala-Ala-Thr-Glu-Glu-Glu-Pro-Gln-Asn-Asp-Ala No —

transfer resistance to sensitive monkey CV-1 cells (Kent et al., 1987; Emanuel et al.,
1988), and the rat al cDNA has been used to confer resistance on human HeLa cells
(Price and Lingrel, 1988). We have previously taken advantage of this system to
determine the basis for the difference in sensitivity between the rat and sheep
a-subunits (Price and Lingrel, 1988). Two amino acids at the border of the first
extracellular region are responsible for this difference in sensitivity. The rat ol-
subunit contains an arginine and an aspartate, respectively, at the borders of the first
extracellular region, while the sensitive sheep enzyme contains glutamine and
asparagine at these two positions, respectively. When the two border amino acids in
sheep are converted to those found in rat, a 1,000-fold increase in resistance to
ouabain is observed. No other combination of amino acids present in rat within this
region provides this level of resistance.

Based on these findings, multiple changes in amino acids at the border residues
have been constructed and assayed. The results of these studies are shown in Table
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TABLE IV
Effect of the Conserved Aspartic Acid Residue in the First Extracellular
Region of the Sheep Na,K-ATPase a-Subunit on Ouabain Sensitivity

Able to confer

Mutations in the H1-H2 extracellular domain resistance to L,
ouabain
M
Wild-type sequence
Gln-Ala-Ala-Thr-Glu-Glu-Glu-Pro-Gln-Asn-Asp-Asn No 8 x 1078
Mutant
Gln-Ala-Ala-Thr-Glu-Glu-Glu-Pro-Gln-Asn-Asn-Asn Yes 5x 107
Gln-Ala-Ala-Thr-Glu—Glu-Glu-Pro—Gln-Asn-@-Asn Yes 5x 107
Gln-Ala-Ala-Thr-Glu-Glu-Glu-Pro-Gln-Asn-Lys-Asn No? —
Gln-Ala-Ala-Thr-Glu-Glu-Glu-Pro-Gln-Asn-Ala-Asn Yes 3 x107°
Gln-Ala-Ala-Thr-Glu-Glu-Glu-Pro-Gln-Asn—E—Asn Yes Sx10°°

III. The sequence of amino acids of the first extracellular domain of the sensitive
sheep al-subunit is indicated as the wild-type sequence. This al isoform of sheep
Na,K-ATPase cannot confer resistance to the sensitive HeLa cells and has an I, of
8 x 107 M. The various mutations that have been introduced into the border
residues are shown below the wild-type sequence. As described above, expression of
the sheep al-subunit with the GIn — Arg and Asn — Asp substitutions, which mimic
the rat al isoform, confers ouabain resistance to HeLa cells. The enzyme with the
mutated sheep al-subunit has an I, of 1 X 10~ M for ouabain, similar to the rat
enzyme. The positions of the amino acid replacements are thought to reside at the
membrane borders of the extracellular region. Several additional amino acid substi-
tutions at these positions have been made and analyzed (Price et al., 1990).
Replacement of uncharged amino acids as represented by the inclusion of alanine at
the border residues in either one or both positions do not produce a resistant
enzyme. Thus, resistance appears to depend on charged residues at these border

TABLE V
Effect of Amino Acid Substitutions of the Second Extracellular Region on

Ouabain Sensitivity

Mutations in the H1-H2 extracellular domain

Wild-type sequence
Glu-Tyr-Thr-Trp-Leu-Glu

Mutant
Glu-Tyr-Thr-_ -Leu-Glu
Glu-Tyr-Thr-Phe-Leu-Glu
Gly-Tyr-Thr-Trp-Leu-Glu
Gly-Tyr-Thr-Phe-Leu-Glu
Glu-Tyr-Thr-Pro-Leu-Glu
Glu-Tyr-Cys-Trp-Leu-Glu
Glu-Tyr-Thr-Trp-Leu-Gin
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regions. This is confirmed by the finding that all combinations of charged amino acids
confer resistance to HeLa cells, although to varying degrees. If only the Gln is
substituted with Arg or only the Asn with Asp, the resistance is in between that of the
rat and sheep enzymes, an I, of 1 X 10™® M ouabain. However, other double
substitutions with charged amino acids confer resistance similar to the rat. With the
Gln — Asp and Asn — Asp substitutions, a highly resistant enzyme is observed, an
I, >4 x 107> M ouabain. This is even more resistant than the naturally occurring rat
enzyme. Other combinations of charges give somewhat less resistance but neverthe-
less have a pronounced effect. It does not appear that the combination of charges is
particularly important. For example, a negative charge on the NH,-terminal border
and a positive charge on the COOH-terminal border of this extracellular domain or
substitutions with two positive or two negative amino acids still confer resistance.

While it is not known how charges at the border residues contribute to ouabain
sensitivity, it is hypothesized that the charged amino acids prevent the interaction of
this extracellular region with the membrane. Charges may exclude its movement or
close association with the membrane, therefore weakening the interaction between
ouabain and the enzyme.

Other amino acid substitutions within this region also affect ouabain sensitivity
(Price et al., 1989). For example, if the Asp next to the Asn on the COOH-terminal
end of this extracellular domain is altered, resistance is also observed (Table IV). In
this case a substitution of the Asp for Glu, Ala, or Ser results in resistance. Other
amino acids within this extracellular region have not been adequately tested but it is
possible that other positions are also involved in interacting with the drug.

The second extracellular domain H3-H4, while not responsible for conferring
differential resistance among species, could nevertheless be involved in binding
cardiac glycosides. To determine if this is the case, mutations have been introduced
into this region of the sheep al isoform and the resulting constructs have been
introduced into HelLa cells. The amino acid substitutions are described in Table V.
No resistant colonies were observed. There are at least two explanations for such a
finding. First, the region is not involved in ouabain resistance and therefore amino
acid substitutions in this sequence do not alter ouabain sensitivity. The second
possibility is that this region is critical for enzymatic activity and substitutions within
it inactivate the enzyme. Under this latter circumstance, it would be impossible to
observe resistant colonies as the enzyme would be nonfunctional. To determine
which alternative is correct, the amino acid substitutions made in this region were
introduced into the sheep al isoform ¢cDNA which had been mutated to give
substitutions conferring ouabain resistance. These are the Gln — Arg and Asn —
Asp substitutions at the borders of the first extracellular region. If the amino acid
substitutions in the second extracellular region inactivate the enzyme, no resistance
colonies should be observed when this construct is transfected into sensitive HeLa
cells. This would suggest that these residues provide an important function for the
enzyme. When the constructs were introduced into Hela cells, resistant colonies
were observed. Therefore, it is likely that this region is not involved in binding
ouabain, and in addition, these amino acid substitutions do not significantly affect
enzymatic activity. This plus/minus selection system represents a powerful tool for
examining other regions of the enzyme with respect to ouabain sensitivity. Such
studies are being pursued.
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There is a natural sort of duality you experience in studying regulation of the
Na,K-ATPase. On the one hand, you are motivated to learn as much as possible
about this intriguing molecule. On the other hand, you find an irresistible temptation
to use this molecule as a point of reference, a focus in learning as much as you can
about how cells organize and regulate themselves and influence each other. This
chapter is primarily an overview of regulatory mechanisms for the Na, K-ATPase,
illustrating, in a somewhat personalized way, this duality.

Myogenesis and Upregulation in Tissue Culture

Let us begin with the process of myogenesis in tissue culture. As myoblasts differen-
tiate into skeletal muscle fibers, the packing density of Na,K-ATPase molecules in
the plasma membrane increases ~ 20-fold. The cells continue to express the al and
B1 isoforms of the subunits, and the increase probably reflects action of muscle-
specific enhancers of al and B1 gene expression. The steady-state level of Na,K-
ATPase is soon reached in tissue culture and lasts several days. The increase in
Na,K-ATPase can be visualized by labeling the myogenic cultures with a fluorescent
monoclonal antibody that binds to a 81-subunit epitope on the exterior surface of the
plasma membrane (Fig. 1).

The differentiating myotubes also begin to express voltage-gated sodium chan-
nels. Opening these voltage-gated sodium channels with veratridine leads to a
50-100% upregulation of the Na,K-ATPase (Fig. 2) that is dose dependent and
reversible (Wolitzky and Fambrough, 1986; Taormino and Fambrough, 1990). This
upregulation was accounted for quantitatively by an increased rate of biosynthesis of
o—B-subunit complexes. The biosynthetic rate was estimated by pulse-labeling
myotubes with [**S]methionine and measuring the incorporation of radioactivity into
Na,K-ATPase molecules that were isolated by immune precipitation with an anti—§-
subunit monoclonal antibody. As shown in Fig. 3, when the immune precipitates
were analyzed by SDS-PAGE and fluorography, it was apparent that this measure of
biosynthesis was predominantly a measure of [**S]methionine incorporation into
a-subunits that were assembled with the immune-precipitated B-subunits. While the
doubling of incorporation of [*S]methionine into the a-subunit was apparent,
another feature of upregulation revealed by SDS-PAGE analysis was the greatly
increased labeling of the high-mannose intermediate form of the B-subunit (seen in
lanes 2 and 3 of Fig. 3). In pulse—chase experiments this high-mannose form of the
B-subunit disappeared rapidly. The simplest explanation of these observations is that
sodium ion—-induced upregulation results in a selective, marked increase in B-subunit
biosynthesis; the excess B-subunits drive the assembly of more o—f complexes.
B-Subunits that fail to assemble with a-subunits are nevertheless glycosylated, but
then are rapidly degraded without leaving the endoplasmic reticulum. The most
important primary change during upregulation appeared to be an increased rate of
B-subunit biosynthesis.

At the nucleic acid level (Fig. 4), upregulation of the Na,K-ATPase involves a
selective increase in transcription of the 81 gene, resulting in a tripling of 1-mRNA.
This change in f1-mRNA abundance appears to be sufficient, without any change in
translation rate, to account for the accelerated biosynthesis of $1-subunits. A small
increase in al-mRNA occurs quite late in the upregulation response and is seemingly
of little consequence. Taken together, the nucleic acid and protein level observations
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Figure 1. Fluorescence micrographs of tissue-cultured myogenic cells, showing decline in
myoblast antigen (4) during myogenesis, while the Na,K-ATPase level (B) increases during
myogenesis. The same field is shown in 4 and B. A4 is labeled with monoclonal antibody C3/1 to
an early myogenic antigen (Wakshull et al., 1983) followed by rhodamine-labeled anti-mouse
IgG. B is labeled with fluorescein-conjugated monoclonal antibody 24 to the B-subunit of the
Na,K-ATPase. mb, myoblast; imt, immature myotube; mt, well-differentiated myotube. Bar in
Bis 20 pm.
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CELL SURFACE sis and upregulat'ion gf the
, 1801 BIOSYNTHESIS Na,K-ATPase 4 NaK-ATPase during stimula-
2 il g tion of myotubes with veratri-
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monoclonal antibody (O). In some cultures, veratridine was removed and the sodium channels

were blocked with tetrodotoxin, causing a relatively rapid return to the basal state:(A).
Redrawn from Wolitzky and Fambrough (1986).
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suggest that during upregulation the production of Na,K-ATPase molecules is driven
by accelerated B1-subunit biosynthesis.

Perhaps transcriptional activity on the B1 gene is directly responsive to elevated
cytosolic sodium ion concentration. This idea is supported by preliminary tests by
Takeyasu and co-workers and by Maura Hamrick in our lab. The avian B1 gene has
been stably transfected into mouse myogenic cells and mouse fibroblasts, and the
cells were subsequently exposed to veratridine or low potassium, or to intermediate
doses of ouabain. All of these procedures, which are expected to elevate cytosolic
sodium ion concentration, resulted in increases in avian Bl-subunits on the mouse
cell surface. Through this bioassay it may be possible to identify regions of the p1
gene that are responsive to cytosolic sodium.

In earlier experiments, encoding DNAs for avian «l- and B1-subunits were
transfected into mouse cells (Takeyasu et al., 1987, 1988, 1989). Despite conferring

Figure 3. Effect of veratridine on the
biosynthesis of Na,K-ATPase. Myo-
0 6 18 h genic cells were treated for 0, 6, or 18
h with veratridine and labeled with
[*S]methionine for the last 2 h. Then
the cells were extracted with Triton
e e X-100 containing buffer, and immuno-
beads for the B-subunit of the Na,K-
ATPase were used to isolate free
- - . a B-subunits and o—f complexes. The
precipitates were analyzed by SDS-
PAGE and fluorography. Veratridine
68 - caused an approximate doubling of
labeling in the a-subunit (assembled
B with B-subunits) and a larger increase
- ' in the labeling of the core-glyco-
43 - e B sylated form of the B-subunit (B’).
There is a sixfold difference in methio-
nine content between the o- and
29 - B-subunits; consequently, the a-sub-
unit contains most of the [*S]methio-
nine. From Taormino and Fambrough
(1990).

116K—
95 -

ouabain sensitivity on the mouse cells, overexpressed avian a1-subunits accumulated
in the endoplasmic reticulum of the cells (Takeyasu et al., 1988). This suggested that
the B-subunit might have as one of its functions the role of potentiating the transport
of the Na,K-ATPase from the endoplasmic reticulum to the plasma membrane
(Fambrough, 1988). We tested this in the mouse L cell expression system by
transfecting avian cDNA encoding the B1-subunit into mouse cells expressing avian
al-subunit and vice versa. In these tests, coexpressing cell lines generally showed a
high level of cell surface expression of the two avian subunits (Takeyasu et al., 1989)
(Fig. 5). These results are consistent with a role of the Bl-subunit in intracellular
transport of the Na,K-ATPase to the plasma membrane.
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To summarize, myogenesis includes a substantial increase in expression of al-
and PB1-subunits of the Na,K-ATPase, supported by selective transcription of a1 and
B1 genes. (Later there is a switch in a-subunit gene expression, so that in the adult,
skeletal muscle expresses predominantly the a2-subunit.) In tissue culture, an
increase in intracellular sodium causes a selective increase in transcription of the 1
gene, resulting in increased B1-mRNA and B1-subunit biosynthesis, driving assembly
of more al-B1 complexes (i.e., Na,K-ATPase molecules). We infer that, at least in
the absence of upregulation, there is a pool of newly synthesized a-subunits that do
not assemble with B-subunits but which can assemble if additional B-subunits are
available.

During upregulation of the Na,K-ATPase in myogenic cells 1-mRNA falls
rapidly after a period of accumulation (see Fig. 3). During the falling phase, which

p1-gene
280 transcription -
260 -1
240 4 .
Figure 4. Effects of veratridine on
8 mRNA levels and transcriptional rates
H 2201 ] of the Na,K-ATPase genes. Myogenic
! cultures were exposed to veratridine
& 200} . for the indicated times and then
& mRNA levels were quantified by RNA
5 180}k | blot analysis. Transcriptional rates
5 were estimated after 12 h in veratri-
dine from nuclear run-off assays. Data
1601 * 7  redrawn from Taorminc and Fam-
brough (1990).
1401 E
1201 il .
al-gene
transcription
1 1 1 1

6 12 18 24 30
TIME (H) IN VERATRIDINE

occurs as the upregulatory event is nearing completion, the level of B1-mRNA
decreases by two-thirds in a few hours. This is much faster than the normal turnover
rate of B1-mRNA (Taormino and Fambrough, 1990). This decrease in mRNA
stability may play a key role in terminating the upregulatory response. Preliminary
evidence (see Taormino and Fambrough, 1991) implicates the evolutionarily con-
served 3’ untranslated region of B1-mRNA as one element of potential importance
in the control of 1-mRNA stability.

Fig. 6 illustrates most of the possible levels of Na,K-ATPase regulation within a
single cell. This chapter has already mentioned gene selection, regulation of transcrip-
tional rates, regulation of mRNA levels, subunit assembly, and degradation of
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unassembled subunits. Other early points at which regulation might be imposed
include (a) processing of primary transcripts, (b) translation of mRNAs, and (¢)
integration of polypeptide chains into the membrane of the endoplasmic reticulum.

Some Other Aspects of Subunit Assembly

At this juncture a few more points of interest about the biosynthesis and assembly of
Na,K-ATPase subunits deserve mention. First, pulse-chase labeling experiments

Figure 5. Fluorescence micrographs illustrating distribution of «-subunits when avian
a-subunit-encoding DNA is expressed in mouse L cells without (4 ) and with (B) coexpression
of the avian B-subunit-encoding DNA. Cells are labeled with a monoclonal antibody to the
avian a-subunit (antibody 7c) followed by fluorescent-labeled goat anti-mouse IgG. Contrast
the bright edge fluorescence of the cells in B with the reticular, intracellular pattern of
fluorescence in A.

(Fambrough, 1983; Tamkun and Fambrough, 1986; Wolitzky and Fambrough, 1986)
reveal several features of the biosynthesis/assembly process. Tissue-cultured myo-
genic cells labeled for as little as 5 min with [*S]methionine already contain
assembled a—B complexes, indicative of assembly during or immediately after
polypeptide chain synthesis in the endoplasmic reticulum. The addition of high-
mannose, N-linked oligosaccharide chains to the B-subunit is also fast. The assembly
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process precedes by nearly an hour the conversion of N-linked high-mannose
oligosaccharides to complex oligosaccharides, indicating that the newly assembled
o—B complexes reside for a long time in the endoplasmic reticulum after glycosyla-
tion and assembly (Fig. 7). There is currently no explanation for this long residence
time.

Second, Karen Renaud has been examining regions of the B-subunit essential
for o—B assembly (see Renaud and Fambrough, 1991). Expressing mutant avian
B-subunit DNA in mouse L cells and scoring for assembly with the endogenous
mouse a-subunit, she has found, surprisingly, that the NH,-terminal cytosolic domain
of the B-subunit is not necessary for assembly. Deletions in the membrane-spanning
domain that still permit integration into the membrane also permit subunit assembly.
COOH-terminal deletions of more than a few amino acids, however, fail to assemble
with a-subunits. These data suggest that the major site of «—f assembly involves the
ectodomains of the subunits.

Third, it appears that each isoform of the a-subunit is capable of forming a—f
complexes with the B1-subunit. The experiments to demonstrate this were done as
follows. Mouse L cell lines expressing the avian $1-subunit and either avian al, o2, or

0 16 30 45 60 90 [min| Figure 7. Kinetics of post-transla-

tional glycosylations of the NaK-
ATPase. Chick dorsal rool ganglion
cultures were pulse-labeled for 30

. - - min with [*S]methionine and chased

116K - for the indicated times. At each time,
95 - caeosad® cultures were extracted with Triton
X-100 containing buffer, the Na,K-

68 - ATPase molecules were isolated by
T R immune precipitation with an anti--

el -_—— - . — B subunit monoclonal antibody, and the
. precipitates were analyzed by SDS-

PAGE and fluorography. Positions of
the core-glycosylated B-subunit (B’), the mature, complex-oligosaccharide form of the
B-subunit (B), and the a-subunit are indicated. Approximate molecular masses of marker
proteins are also indicated at left in kilodaltons. Data from Tamkun and Fambrough (1986).

a3 were labeled with [“Sjmethionine and the assembled a-B complexes were
purified with a monoclonal antibody specific for the avian 1-subunit. The a-subunits
were dissociated from the complexes in SDS and then immune precipitated with a
monoclonal antibody selective for avian a-subunits. In each case, the anti—a-subunit
precipitates contained the *S-labeled a-subunit (see Kone et al., 1991).

Additional Post-translational Sites of Regulation

Returning to sites of regulation in the cell, Fig. 6 depicts in cartoon fashion the late
events in biosynthesis and intracellular transport to the plasma membrane. In the
Golgi apparatus the B-subunit oligosaccharides are converted to complex ones that
differ from one cell type to another, even though there is no difference in B-subunit
polypeptide (Takeyasu et al., 1987). The Golgi apparatus is also the site of a variety
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of other post-translational modifications of proteins, yet none of these has been
reported for the Na,K-ATPase. The question of whether or not such additional
modifications occur remains unresolved, and the possible significance of such
hypothetical modifications is, of course, unclear. Following modifications in the
Golgi, the Na,K-ATPase moves to the trans-Golgi network and then is transported by
vesicular traffic to the plasma membrane. The targeting of the Na,K-ATPase to
basolateral membrane appears to be a direct transfer from the trans-Golgi network in
well-polarized MDCK cells (Caplan et al., 1986). It is not known what aspects of
Na,K-ATPase structure are important in targeting. A promising approach to this
problem is through expression of hybrid and chimeric ATPases, composed of parts of
the Na,K-ATPase and the H,K-ATPase, which are targeted to basolateral and apical
membranes, respectively (Gottardi, C. J., and M. J. Caplan, personal communica-
tion). Only mature B-subunits (in the form of a— complexes) arrive at the cell
surface under normal conditions, but when N-glycosylation of the B-subunit is
prevented, a—f3 complexes containing unglycosylated f-subunits are incorporated
into the plasma membrane (Tamkun and Fambrough, 1986). In avian dorsal root
ganglion cell cultures it was found that inhibition of N-glycosylation had no effect
upon kinetics of a—p assembly, incorporation into plasma membrane, or degrada-
tion. If there are any effects of B-subunit glycosylation on Na,K-ATPase biogenesis
and stability, they are subtle effects (see Zamofing et al., 1988). Whether B-subunit
glycosylation plays any significant role in vivo is unknown.

Degradation of the Na,K-ATPase is probably accomplished by transport from
the plasma membrane to the lysosomes and proteolytic destruction there. Evidence
for this pathway remains indirect. Cook and colleagues (1984) found that ouabain
bound to the Na,K-ATPase on the plasma membrane of tissue-cultured HeLa cells
was carried slowly to lysosomes, apparently in concert with degradation of the
associated Na,K-ATPase molecule. Further, as expected for this mechanism of
degradation, the kinetics as measured in pulse-chase labeling experiments are first
order. Degradation studies in tissue-cultured avian neurons indicate that both a- and
B-subunits are degraded at the same rate, suggesting that a— complexes are the
units that are degraded (Tamkun and Fambrough, 1986). This finding also suggests
(but does not prove) that a—B complexes are stable and subunit exchange does not
occur. The degradation rate of the Na,K-ATPase slows after upregulation in
myogenic cell cultures (Wolitzky and Fambrough, 1986). By this means the cells are
able to maintain the upregulated state even though the rate of Na,K-ATPase
biosynthesis is only transiently accelerated during upregulation. How this change in
degradation rate is effected remains totally obscure.

There is good evidence (see Schmalzing et al., 19914, b) for rapid removal of
Na,K-ATPase molecules from the plasma membrane under certain conditions,
including treatment of frog oocytes with phorbol esters. Likewise, in the avian
myogenic cell cultures there is evidence for rapid removal from the plasma mem-
brane. This occurs if, during upregulation, the entry of sodium ions is blocked
(Takeyasu et al., 1989). Under these conditions, the myotubes return to the basal
level of Na,K-ATPase expression in the plasma membrane, interiorizing up to half of
their Na,K-ATPase molecules. The degradation rate seems to remain steady,
indicating that these extra molecules become sequestered somewhere in the cyto-
plasm. If cells are allowed to re-upregulate, there is a rapid return to the upregulated
state. We do not know whether this involves the reinsertion of Na,K-ATPase
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molecules into the plasma membrane. We do know, however, that this re-
upregulation is accompanied by a new wave of B1-mRNA accumulation (Taormino
and Fambrough, 1990). This might indicate production of new Na,K-ATPase mole-
cules rather than, or in addition to, recycling.

Fig. 6 also indicates that there may be mechanisms for regulating Na,K-ATPase
activity at the plasma membrane. One possible set of mechanisms might involve
modifications of Na,K-ATPase structure. Interaction of the Na,K-ATPase with
modulating ligands and covalent modifications of the Na,K-ATPase by phosphoryla-
tion or other derivitization remain possibilities. Perhaps the elusive y-subunit will
turn out to be such a ligand, analogous to the regulatory ligand phospholamban, for
the SERCA2-type Ca’*-ATPase (Tada and Katz, 1982).

A final class of regulatory influences depicted in Fig. 6 involves interactions
between the Na,K-ATPase and the membrane cytoskeleton. The intriguing work of
Nelson and Hammerton (1989) and Morrow et al. (1989) demonstrates interaction
between the Na,K-ATPase and ankyrin, a protein known to link some other integral
membrane proteins to spectrin. It is possible that such interactions (a) set levels of
Na,K-ATPase expression in the plasma membrane, or (b) stabilize or direct a
polarized placement of Na,K-ATPase molecules in polarized epithelia and neurons,
or (c) even modulate the transport properties of the Na,K-ATPase. Similarly,
interactions between the Na,K-ATPase and extracellular ligands (such as the
AMOG (B2) receptor (Gloor et al., 1990) might be imagined to influence Na,K-
ATPase activity and spatial distribution.

Speculations about the Role of Isoforms

Recently our lab has completed sequencing of the encoding DNAs for the al, a2,
and o3 isoforms of the avian Na,K-ATPase (Takeyasu et al., 1990). This isoform set
can now be compared with that of the rat and with isoform sequences from various
other mammals and some nonmammals. What emerges from comparisons is that
each avian isoform has a direct homologue in mammals with 93-96% sequence
identity between mammalian and avian a« homologues. Moreover, each isoform has
about the same tissue and cell-type distribution of expression in bird and mammal. In
both the mammal and the bird, however, there is only ~82-83% sequence identity
between different isoforms (ol vs. a2, al vs. a3, a2 vs. a3). The differences among the
isoforms are distributed throughout the primary sequence but tend to occur in the
NH,-terminal half of the a-subunit and to cluster in certain regions (Fig. 8). These
sequence relationships imply that the three isoforms originated early in evolution
and have been rather rigidly maintained in their primary structures through the past
200 million years (the age of the last common ancestor of birds and mammals).
Maintenance of these different isoform sequences through evolution would appear
to require that selection act upon the expressed protein. What aspects of Na,K-
ATPase function or regulation might require several isoforms? We speculate that the
isoform-specific aspects of Na,K-ATPase structure subserve functions that are
restricted to particular cell types. These could be quantitative differences in trans-
port parameters that might be important in the proper performance of specific cell
types. On the other hand, the isoform-specific positions in the Na,K-ATPase
molecules might be important in isoform-specific regulatory phenomena. Such
phenomena remain to be discovered, but one might speculate that they would
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EXTRACELLULAR SPACE

Figure 8. Cartoon of the a-subunit of the chicken Na,K-ATPase, drawn with the tramsmem-
brane topology suggested by Shull et al. (1985). Each amino acyl residue is symbolized by a
rectangle. Dots to the left of every tenth position simplify counting. Blackened rectangles mark
positions where the same amino acid occurs in rat and chicken isoform homologues (for
example, in rat and chicken al) but not all three homologue pairs have the same amino acyl
residue. These positions were defined as “isoform specific” by Takeyasu et al. (1990). NH, and
COOH termini are indicated, as well as the FITC-reactive e-amino group (NH,) on a Lys;,
and the site of phosphorylation (P) on Asp,,, during ion transport.

include isoform-specific interactions with cytoskeleton or with modulatory ligands. It
is interesting that the single a-subunit of Drosophila melanogaster (Lebovitz et al.,
1989), although differing in amino acid sequence about equally from the three
vertebrate a-subunit isoforms, maintains very high homology, particularly with the
vertebrate a3 isoform in some positions of great isoform-to-isoform divergence, such
as in the region adjacent to the FITC-reactive site (Fig. 9). Evidently this sequence is
critical for survival in Drosophila but is necessary for proper Na,K-ATPase function
or regulation only in a3-expressing cells in vertebrates.

Figure 9. Aligned amino acid
sequences near the FITC-reac-
tive site of the Na,K-ATPase
a-subunit isoforms of chicken
and rat (rat sequences from
Shull et al., 1986) and the sin-
gle a-subunit found in Droso-
phila melanogaster (Lebovitz et
al., 1989). Boxes surround regions of sequence identity among the vertebrates. Dots in the
region of sequence variation signify positions of sequence identity between isoform homo-
logues. At 9 of these 11 positions the Drosophila a-subunit sequence is identical to vertebrate
a3.
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Summary and Epilogue

In summary, let us take a final look at Fig. 6. We have followed most of the discrete
events in the life history of the Na,K-ATPase in a single cell, pointing out the various
points at which regulatory mechanisms might operate. But the picture is still one of a
cell in isolation. Space has not permitted an adequate discussion of the signals that
influence these cellular events. Some of the signals are well-known hormones, such
as aldosterone and T3, and their sites of action appear to vary from one system to
another, including influences at the level of gene selection, transcriptional rate, and
translational rate. We have emphasized our work on the Na,K-ATPase in avian
nerve and muscle and on expression of avian Na,K-ATPase encoding DNAs in
mammalian cells. The important work of Clausen and colleagues (see Clausen, 1986,
1990) on regulation of the Na,K-ATPase in adult skeletal muscle has not been
discussed here. Our work on regulation of the Na,K-ATPase in embryonic myotubes
in tissue culture reveals, in some instances, mechanisms quite different from those
operating in the adult. Space does not permit proper discussion of numerous
examples of regulation of the Na,K-ATPase in other cell types and in other species.
Given the high degree of conservation of exon/intron structure and nucleotide
sequence in the genes for the Na,K-ATPase subunits and the remarkable conserva-
tion of amino acid sequences for the isoforms of the subunits in various vertebrates,
one can be reasonably confident that study of any mechanism of Na,K-ATPase
regulation in any organism will yield information pertinent to regulation of the
Na,K-ATPase in a broad spectrum of animal species.

Finally, it should be emphasized that studies of the Na,K-ATPase are pressing
at the frontiers of knowledge in many aspects of cell biology and physiology. Now we
have to return to the thoughts in our opening statements: not only can we use cell
biological approaches to study Na,K-ATPase regulation, but we can also use the
Na,K-ATPase as a point of focus in studies of poorly understood cellular processes.
For example, the changes in Na,K-ATPase degradation rate that accompany upregu-
lation defy detailed explanation in part because so little is known about regulation of
membrane protein degradation. Similarly, little is known about subunit assembly
processes in the endoplasmic reticulum or about the mechanisms that determine
correct targeting of membrane proteins from the frans-Golgi network to their proper
destinations. It is our hope that in the process of elucidating the mechanisms that
regulate the Na,K-ATPase, we sodium pump people will make important contribu-
tions to the larger areas of cell biology and physiology.
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Introduction

Active Na,K-ATPase is an integral membrane protein composed of an a-subunit and
a noncovalently linked glycosylated B-subunit. Both «- and B-subunits have been
cloned from several animal species, and sequence data support biochemical evidence
that the a-subunit is a large multimembrane-spanning polypeptide with an important
cytoplasmic domain, while the B-subunit has only one transmembrane segment and
most of its mass is exposed to the extracellular side (for review see Jgrgensen and
Andersen, 1988; Pedemonte and Kaplan, 1990).

One of the important questions that must be answered to better understand the
structure—function relationship of Na,K-APase concerns the functional role of the
B-subunit. This glycoprotein is indeed an indispensable constituent of a minimal
functional enzyme unit expressed at the plasma membrane (Noguchi et al., 1987,
Geering et al., 1989; Horowitz et al., 1990). On the other hand, however, it is well
established that the major functional domains related to the catalytic cycle such as

TABLE 1
Tissue Expression and Properties of B-Isoforms
Tissue distribution Function
. . Pineal . Homology .
Kidney Brain gland Heart Liver Embryo Regulatory role in
Rat %
B1* + + + - 100 ? Structural
B2t - + + - - 50 Pump and
Xenopus activity functional
p1* + + 100 maturation
B3 - + - + 61
Mouse'
AMOG - + 40 Cell adhesion

*Shyjan and Levenson, 1989; *‘Shyjan et al., 1900; *Verrey et al., 1989; /Good et al., 1990; 'Gloor
et al., 1990.

cation, ATP, and phosphate binding sites are exclusively located on the a-subunit
(for recent review, see Pedemonte and Kaplan, 1990) and that the affinity for cardiac
glycoside binding is also largely determined by the a-subunit (Takeyasu et al., 1987,
1988; Emanuel et al., 1988; Price et al., 1989, 1990).

The functional interdependence of catalytic a- and B-subunits is best estab-
lished for Na,K-ATPase, but it is interesting that most recently several groups have
identified a B-subunit-like polypeptide associated with gastric H,K-ATPase (Hall et
al., 1990; Okamoto et al., 1990; Shull, 1990).

The role of B-subunits remains intriguing, even more so since different putative
B-isoforms have recently been identified at the gene (Lane et al., 1989; Malo et al.,
1990) and at the RNA (Martin-Vasallo et al., 1989; Good et al., 1990), as well as at
the protein level (Gloor et al., 1990; Good et al., 1990; Shyjan et al., 1990). The
quantitative differences described in the tissue distribution of the B,- versus B,-
isoforms in rat, or of the B,- versus B;-isoforms in Xenopus laevis (Table 1), indeed
point to the possibility that each isoform might have a proper specialized function.
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Which properties of the enzyme should we look at to find the role of the B-subunit?
As mentioned before, it is not likely that the B-subunit participates directly in the
catalytic cycle. However, this fact does not exclude the possibility that the B-subunit
might have an indirect regulatory role in the functioning of the active enzyme. This
possibility has gained topical interest through recent data reported by Gloor et al.
(1990). These authors have identified a B,-like isoform in glial cells which expresses
characteristics of an adhesion molecule and which was thus called AMOG, for
adhesion molecule on glia. Antibodies against this B-isoform not only disrupt cell
adhesion but also stimulate Na,K-ATPase activity at the plasma membrane. The first
observation raises the interesting possibility that B-subunits associated with a-sub-
units might be recognition elements implicated in cell adhesion, which ultimately
could mediate a fine regulation of ion transport. The second observation points to a
discrete functional interplay between the two subunits in the active enzyme.

While these questions on the functional implications of -subunits in the mature
enzyme remain to be elucidated, it becomes on the other hand increasingly clear that
the B-subunit, or in more general terms the assembly of «- and B-subunits, is
necessary for the structural and functional maturation of the Na,K-ATPase as well as
for its intracellular transport to the plasma membrane. I would like to review the
experimental evidence indicating that constraints hold true for Na,K-ATPase that
are similar to those for other oligomeric proteins; namely, that assembly of subunits
is needed for a correct folding of proteins after their synthesis. This assembly process
is essential for the acquisition of functional properties, as well as for the ability of the
protein to exit the endoplasmic reticulum (ER) (for recent review, see Hurtley and
Helenius, 1989).

Synthesis and Assembly of a- and 3-Subunits

As is the case with most other oligomeric membrane proteins, the subunits of
Na,K-ATPase are synthesized from distinct mRNA and can insert during their
synthesis into ER membranes independent of each other (for review and references,
see Geering, 1990). A signal recognition particle (SRP)-dependent membrane
integration could so far only be demonstrated for the B-subunit (Geering, 1988;
Kawakami and Nagano, 1988), but internal membrane insertion signals appear to be
included in the first four transmembrane segments of the a-subunit (Homareda et
al., 1988). In addition, as indicated by inhibition of membrane insertion in vitro by
treatment of microsomes with N-ethylmaleimide, both subunits may need the signal
recognition receptor for membrane integration (Cayanis et al., 1990).

Synthesis of the - and B-subunits is apparently coordinate in certain cellular
systems but not in others. In chick sensory neurons (Tamkun and Fambrough, 1986)
as well as in toad bladder cells (Geering et al., 1982) the ratio between a- and
B-subunits remains nearly constant during different pulse labeling periods, indicat-
ing that the basal synthesis rate of the two subunits is concurrent in these cells. In
addition, upregulation of the biosynthetic rate by aldosterone, thyroid hormone, or
low potassium, or downregulation by glycosylation inhibitors such as tunicamycin are
similar for the two subunits in various cell types (for review, see Rossier et al., 1987;
Pressley, 1988; McDonough et al., 1990). More recent reports, on the other hand,
suggest that in several experimental models either $-subunit synthesis is favored over
a-subunit synthesis (McDonough et al., 1990; Taormino and Fambrough, 1990) or
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a-subunits are expressed in excess over B-subunits (Geering et al., 1989). In any case,
however, as we will discuss below, the number of functional pumps expressed
appears to be determined by the number of stoichiometric a-B complexes formed in
the ER.

Na,K-ATPase subunit assembly occurs during or soon after synthesis at the level
of the ER (Tamkun and Fambrough, 1986; Ackermann and Geering, 1990). In this
respect, Na,K-ATPase resembles most other oligomeric proteins (for review, see
Hurtley and Helenius, 1989).

Nothing is known about the mechanisms that govern subunit assembly in
Na,K-ATPase or other multisubunit proteins. The simplest view predicts that
assembly is a random event and that successful collisions of subunits depend on
numerous factors, e.g., on the absolute amount of newly synthesized subunits, the
affinity between subunits, the chemical nature of the linkage bond, and the stability
of newly synthesized subunits (for review, see Hurtley and Helenius, 1989). A
common observation in multisubunit proteins is that a primary folding of at least one
newly synthesized subunit is needed for a correct oligomeric assembly. This initial
folding of subunits is thought to be facilitated by a variety of cotranslational
modifications to which nascent polypeptides can be subjected; namely, glycosylation,
disulfide bond formation, isomerization of prolines, and association to ER factors
such as BiP (for review, see Pelham, 1989).

Co- and Posttranslational Processing of the 3-Subunit of
Na,K-ATPase

The B-subunit of mature Na,K-ATPase is a heavily glycosylated polypeptide. The
B-subunit acquires and processes its sugars much as other glycoproteins do (for
review and references, see Geering, 1990). In brief, high mannose core sugars are
transferred en bloc to the nascent B-subunit from dolichol precursors. One of the
prerequisites that determines the number of sugar moicties on the B-subunit is the
existence of consensus asparagine residues (Asn-X-Ser(Thr)) on the protein back-
bone. The core sugars are then trimmed during the transport of the polypeptide to
the Golgi, and finally complex-type sugars such as galactose or sialic acid are added
in a trans-Golgi compartment.

Very little is known about the functional role of the complex-type sugars
exposed to the cell exterior in the active enzyme. Neither structural properties nor
the ability to perform cation-dependent conformational changes of the catalytic
a-subunit are perturbed if correct terminal glycosylation is inhibited (Zamofing et
al., 1988). It is interesting to note that different B-isoforms have different numbers of
sugar moieties. As an example, the B,-isoform of Xenopus laevis is glycosylated at
three sites, while the B,-isoform is glycosylated at four sites (Jaunin et al., 1991). In
addition, since putative B,-subunits from Xenopus kidney and brain have different
electrophoretic mobilities (Geering, 1988), it is likely that the same B-isoform might
acquire chemically distinct complex-type sugars in different cell types as described
for other glycoproteins (for review, see Roth, 1987). It remains to be elucidated
whether these differences in glycosylation patterns are related to distinct functions of
the B-subunit isoforms in different tissues. Since carbohydrates have been implicated
in cell recognition events (for review, see Anderson, 1990), it is tempting to speculate
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that the complex-type sugar moieties might be signals that define the specificity of
the B-subunit in its putative function as a cell adhesion molecule.

In the context of our analysis of the importance of subunit assembly in the
maturation and intracellular transport of the Na,K-ATPase, the acquisition and
processing of the B-subunit sugars interests us for two other reasons. First, the
differently glycosylated species encountered during the processing event can easily
be distinguished by the difference in their molecular mass on gels and thus become
valuable tools to localize the enzyme in different cellular compartments during its
intracellular transport. As an illustration, Fig. 1 (right panel), shows the glycosylation
processing of the newly synthesized B,-subunit in Xenopus laevis kidney cells during a
pulse-chase experiment from its core-glycosylated 40-kD form localized in the ER to
the 39-kD trimmed form and finally to the fully glycosylated 49-kD form which has
passed a trans-Golgi compartment.

Figure 1. Intracellular routing
and processing of a- and B-sub-
units of Na,K-ATPase. Xeno-
pus kidney (A;) cells were
labeled for 7 min with [*S]me-
thionine and then chased for

o-subunit  B-subunit

kD kD 20 or 180 min with an excess
it cold methionine. o- (leff) and

98 — NS Gi» &= B-subunits (right) were immu-
3 noprecipitated with anti-a and

-— — :g anti-p sera and revealed by gel

o =39 electrophoresis and fluorog-

raphy. While no difference in
molecular mass of the 98-kD
o-subunit can be observed dur-
ing intracellular routing, the
B-subunit is processed from a
40-kD core-glycosylated form
located in the ER to a 39-kD
trimmed form and finally to a
49-kD fully glycosylated form
which has passed a trans-Golgi
compartment on its way to the
plasma membrane (PM).

chase,min| - lzn]wo\ - | 20 |180
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16j09-H3
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A second point of interest is related to a possible functional role of the
acquisition of core sugars of the B-subunit in the subunit assembly process. Indeed,
even though unglycosylated Na,K-ATPase appears to be transported to the plasma
membrane and to exhibit functional properties (Tamkun and Fambrough, 1986;
Takeda et al., 1988; Zamofing et al., 1989), inhibition of B-subunit core glycosylation
has a pronounced effect on the cellular accumulation of both newly synthesized
- and a-subunits (Zamofing et al., 1988, 1989). This observation raises the interest-
ing possibility that, as in other oligomeric proteins (see above), core-glycosylation
might be needed for a correct initial folding of the newly synthesized p-subunit,
which is possibly a prerequisite for an efficient association to the a-subunit. Nothing
is known so far as to whether a similar role might be attributed to another
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cotranslational modification of Na,K-ATPase subunits, namely, the formation of
disulfide bonds. Indeed, in B-subunits (Kirley, 1989; Miller and Farley, 1990) and in
a-subunits (Miller and Farley, 1990) of purified enzyme preparations, three and two
disulfide bonds, respectively, have been identified.

Posttranslational Processing of the a-Subunit of Na,K-ATPase

That the catalytic a-subunit is subjected to structural and functional modifications
after its synthesis was first demonstrated in epithelial cells in culture (Geering et al.,
1987). The posttranslational processing of the a-subunit during intracellular routing
of the polypeptide is much more discrete than for the B-subunit and cannot be
distinguished by a change in its molecular mass on gels as illustrated in Fig. 1 (left
panel). Only probing by trypsinolysis reveals a posttranslational change in the
structural organization of the a-subunit (Geering et al., 1987). It turns out that the

Na* K+
(o
™
a-SUBUNIT: ~20 min
4) é ¢ ) ‘Zj U
N ~——
!localization ER ER
1 trypsin
sensitivity high low
1 conformational
changes no yes
2 ouabain 2 2
binding Mg +P; Mg +P;

Na* MgZ*ATP

Figure 2. Structural and functional maturation of the a-subunit. For further explanations, see
text. O and @, exposed and occluded tryptic sites, respectively. 'Geering et al., 1987; *Caplan
et al., 1990.

newly synthesized a-subunits assessed in briefly pulsed cells are highly trypsin
sensitive, producing upon trypsinolysis small fragments that are similar to the
a-subunit synthesized in vitro in a reticulocyte lysate supplemented with ER mi-
crosomes (Geering et al., 1985). Asillustrated in the model in Fig. 2, our data suggest
that the newly synthesized a-subunit is in a structurally relaxed immature form,
exposing several tryptic sites. However, within 20 min after synthesis, still at the level
of the ER, the a-subunit becomes trypsin resistant, indicating a change in its
structural organization that occludes certain tryptic sites initially exposed on the
newly synthesized polypeptide. This early structural maturation of the a-subunit is
likely to be a prerequisite for the a-subunit to gain at least some of its functional
properties. Indeed, in parallel to increased trypsin resistance the a-subunit acquires
the ability to change its conformation in response to Na* and K* (Geering et al,,
1987). In addition, in the same time period the a-subunit attains the ability to bind
ouabain in the presence of Na*, Mg**, and ATP (Caplan et al., 1990).
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All these observations, made in cells that synthesize a- and -subunits concomi-
tantly, did not lead to conclusions on the mechanisms involved in the structural and
functional maturation of the a-subunit, but the fact that this process regionally and
temporally coincided with subunit assembly gave the first hint about a potential role
for the B-subunit. The recent introduction of several new experimental models such
as transfected animal cells (Takeyasu et al., 1987, 1988; Emanuel et al., 1988) and
yeast (Horowitz et al., 1990) or cRNA-injected oocytes (Noguchi et al., 1987,
Geering et al., 1989) permitted us to learn more about the interdependence of a- and
f3-subunit synthesis.

Association to the B-Subunit Provokes a Structural Change and
Stabilization in the Newly Synthesized a-Subunit
Using the Xenopus oocyte as an expression system, Noguchi et al. (1987) were the first

to demonstrate that injection of both a- and BcRNA is needed to express functional
pumps at the plasma membrane. Experiments such as the one shown in Fig. 3

immunoprecipitation Figure 3. Expression of Na,K-
o I B ATPase subunits in Xenopus
oocytes. Oocytes were injected

with H,O, a, B, or a- and
kD kD  BcRNA.cRNA was transcribed
in vitro from «, and B,cDNA

cloned from Xenopus kidney

98— u- cells (Verrey et al., 1989).
Oocytes were labeled for 4 h

with [*S]methionine chased for

- 49 20 h with an excess cold methio-

o — —40 nine, and cellular extracts were
immunoprecipitated with
anti-o, (left) and anti-B, (right)

— sera. For further explanation,
injection qu a | B la+ﬁ H20| o |B ‘cﬂBl see text.

permitted a preliminary interpretation of this result. It turned out that the injection
of acRNA into Xenopus oocytes certainly increases the amount of newly synthesized
a-subunits compared with water-injected controls, but not as much as injection of
a- and BcRNA (Fig. 3). This result encouraged us to examine whether the degrada-
tion rate of the newly synthesized a-subunit might be influenced by the concomitant
synthesis of B-subunits, which might consequently lead to an increased cellular
accumulation of a-subunits. To determine the half-life of the oa-subunit, Xenopus
oocytes were injected with acRNA alone or with a- and BcRNA and labeled for 4 h
with [*S]methionine, and the amount of newly synthesized a-subunit remaining was
determined by immunoprecipitation after various chase periods. Such experiments
clearly show that the half-life of the a-subunit synthesized together with B-subunits is
considerably longer (z,, at least 20 h) than the half-life of the a-subunit synthesized
alone (90% degraded within 5 h with a half-life of ~2 h; Ackermann and Geering,
1990). These data suggest that in the absence of B-subunits newly synthesized
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a-subunits are incompletely folded and subject to rapid degradation, and that
association to B-subunits provokes a structural change in the newly synthesized
a-subunit which leads to its stabilization and thus to its increased cellular accumula-
tion.

These data are in good agreement with our previous studies in the oocyte, where
we looked at the effect of BcRNA injection on the structural maturation of the
endogenous a-subunit (Geering et al., 1989). As illustrated in Fig. 4, it appears that
Xenopus oocytes synthesize an excess of a-subunits over B-subunits, a result that was
deduced from the fact that we could detect some B-immunoreactive material in the
plasma membrane of radioiodinated oocytes, but in comparison with a-subunits we

Figure 4. Maturation of Xenopus
oocyte a-subunits by injection of
BcRNA. (Top) Xenopus oocytes ex-
press Na pumps at the plasma mem-
brane as indicated by ouabain bind-
ing to a-subunits and radioiodination
of B-subunits in intact oocytes. How-
ever, oocytes snythesize more a- than
B-subunits. The overexpressed a-sub-
unit is in an immature trypsin-sensi-
tive form. Preliminary data indicate
that the Xenopus B-subunit might be
a Bi-isoform recently cloned from
. Xenopus neurula stages (Good et al.,

B1 cRNA 1990) and characterized for its basic
*'/*'/ properties (Jaunin et al., 1991). (Bot-
tom) Xenopus B,-subunits synthesized
from injected cRNA associate to over-
expressed oocyte a-subunits. This
leads to an increased trypsin resis-
tance of oocyte a-subunits and an
increased number of ouabain binding
sites at the plasma membrane. For
further explanation, see text.

TRYPSIN
SENSITIVE

OUABAIN
BINDING

*B1 cRNA

TRYPSIN
RESISTANT

QUABAIN
BINDING

detected very few newly synthesized B-subunits in metabolically labeled oocytes
(Figs. 3 and 4). Studies on the structural and functional properties of the overex-
pressed a-subunit in Xenopus oocytes then showed that, in contrast to somatic cells
which synthesize stoichiometric amounts of a- and B-subunits, a large proportion of
oocyte a-subunits do not acquire trypsin resistance after their synthesis. Finally, the
injection of BcRNA alone into oocytes produces a trypsin-resistant membrane
organization of the oocyte a-subunit and is able to perform cation-dependent
conformational charges.

On the whole these data support the hypothesis that the change in trypsin
sensitivity and the acquisition of at least some of the functional properties of the
a-subunit that we observe in somatic cells synthesizing congruous amounts of «- and




Processing and Intracellular Transport of Sodium Pumps 39

B-subunits (Fig. 2) might be due to subunit assembly. If this hypothesis is true, it is
interesting to note that the newly synthesized, possibly trypsin-sensitive a-subunit in
such cells already appears to possess some ouabain binding properties which are
maintained throughout its intracellular routing to the plasma membrane (Caplan et
al., 1990; Fig. 2). It is tempting to speculate that the expression of this functional
property reflects an initial folding of the a-subunit, which is perhaps important for
subunit assembly. A similar stepwise acquisition of the ultimate fully functional
configuration has been described for the a-subunit of the acetylcholine receptor. The
newly synthesized polypeptide is able to bind the antagonist a-bungarotoxin (Merlie,
1984), but assembly to other subunits is needed for binding of acetylcholine or for the
expression of channel activity (Kurosaki et al., 1987).

As shown in Fig. 4, injection of BcRNA into oocytes not only renders the oocyte
a-subunit trypsin resistant but also increases the number of functional pumps at the
plasma membrane as assessed by an increased ouabain binding to intact injected
oocytes compared with noninjected controls. This result encouraged us to study
whether in analogy to other oligomeric proteins assembly of «- and B-subunits might
be needed for the intracellular transport of the enzyme to the plasma membrane.

a- and B-Subunits of Na,K-ATPase Depend on Each Other for
Their Intracellular Transport

First indications for the importance of subunit assembly for the intracellular trans-
port of Na,K-ATPase came again from preliminary experiments performed in
Xenopus oocytes (Fig. 3). The right panel of the figure shows the expression and
processing of B-subunits synthesized from injected cRNAs. The data show that
B-subunits synthesized in the presence of a-subunits are as expected in their fully
glycosylated 49-kD form after a 4-h pulse and a 20-h chase. On the other hand,
however, B-subunits synthesized alone are mainly in their core-glycosylated form.
This observation was extended and confirmed by a detailed kinetic analysis of the
glycosylation processing (Ackermann and Geering, 1990), a study that permitted us
to deduce that (a) in Xenopus oocytes o-p complexes are transported to a distal Golgi
compartment where full glycosylation occurs with a half-time of ~10 h, and (b)
-subunits synthesized alone never acquire complex-type sugars and it is thus likely
that they are retained in the ER.

It is likely that the same is true for the a-subunit. Takeyasu et al. (1988)
observed that in mouse cells transfected with avian acDNA, only a limited number of
o-f3 complexes reach the plasma membrane, while a significant proportion of avian
a-subunits, probably synthesized in excess over mouse B-subunits, accumulate in an
intracellular compartment. Further, if one considers the short half-life (¢,, ~ 2 h) of
unassembled a-subunits determined in Xenopus oocytes (Ackermann and Geering,
1990), it is most probable that degradation of unassembled a-subunits takes place in
the ER or at least in a close pre-Golgi compartment.

All data so far obtained are consistent with the hypothesis that - and B-sub-
units of Na,K-ATPase are mutually dependent for the adoption of a correct
configuration necessary for their transport out of the ER. It is interesting to note that
in Xenopus oocytes, core-glycosylated unassembled B-subunits have a longer half-life
(t,, ~ 9 h) than unassembled a-subunits (¢,, ~ 2 h; Ackermann and Geering, 1990).
It is possible that the longer half-life of the newly synthesized B-subunit is potentially
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important to assure an efficient formation of a-p complexes. This is supported by
recent data which show that a-subunits newly synthesized in the oocyte can associate
to preexisting B-subunits (Noguchi et al., 1990).

In this short review we have summarized the experimental evidence that defines
some basic functional properties of the B-subunit rendering it an indispensable
factor in the formation and expression of active Na pumps at the plasma membrane.
Recently, we have shown that different B-isoforms share similar properties with
respect to their ability to stabilize newly synthesized «-subunits and their depen-
dence on the concomitant synthesis of a-subunits to leave the ER (Jaunin et al.,
1991). The fine functional variations that probably exist between the different
B-isoforms thus remain to be established.
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Introduction

Na,K-ATPase is a membrane-bound enzyme responsible for active transport of Na*
and K* across the cell membrane. It consists of two noncovalently linked subunits, a
catalytic a-subunit and glycosylated B-subunit. The functional unit of the enzyme as a
membrane ion transport device may be the dimer form of the heterodimeric
protomer (o,,). Hitherto, all physiological features of the enzyme, such as location
of binding sites for the transported ions (Na® and K*), the energy-conferring
substrate (ATP), a specific inhibitor (ouabain), and the phosphorylation site in an
intermediary reaction step, have all been attributed to the larger catalytic a-subunit.
No evidence indicating a specific role in ATP hydrolysis or in ion transport has been
unequivocally demonstrated for this smaller glycoprotein.

However, we (Kawamura and Nagano, 1984), and recently Kirley (1990), have
reported that reduction of disulfide bond(s) in the B-subunit results in the complete
loss of enzyme activity. The reduction is affected by the addition of Na* or K* to the
medium and not by choline ions (Kawamura et al., 1985). These results clearly
indicate that the two subunits are tightly coupled.

The B-subunit has been suggested to have an anchoring role when the nascent
a-subunit is incorporated into the membrane (Hiatt et al., 1984). Tamkun and
Fambrough (1986) have claimed that the assembly of the «- and B-subunits occurs
during or immediately after the synthesis of the polypeptides. Moreover, Noguchi et
al. (1987) and Takeda et al. (1988) have reported that the expression of functionally
active Na,K-ATPase in Xenopus oocytes can be achieved only when mRNAs for both
the o- and B-subunits have been injected. These observations suggest some func-
tional involvement for the B-subunit in the membrane insertion or the maturation of
the enzyme.

In recent studies, we injected mRNAs for the two subunits of Torpedo californica
Na,K-ATPase into Xenopus oocytes either separately or in combination and exam-
ined the expression, intracellular distribution, and sensitivity to trypsin of the
subunits (Noguchi et al., 1990a). We also investigated when the assembly of the a-
and B-subunits occurs or whether the B-subunit assists the a-subunit to become
correctly and stably expressed in the cell (Noguchi et al., 1990b). The oocyte system
allows the specific programmed synthesis of different subunits in a cell by alternately
injecting individual mRNAs. The results obtained suggest that the B-subunit acts as a
stabilizer or receptor for the newly synthesized a-subunit and facilitates the accumu-
lation of the enzyme in the membrane.

Materials and Methods

Oocytes at stages VI and V, distinguished by size, were manually dissected from the
ovarian lobes of Xenopus laevis and stored at 19°C in modified Barth’s medium
containing antibiotics. Oocytes were microinjected with mRNA (20 nl/oocyte) and
incubated at 19°C for 3 d. The recombinant plasmids used for in vitro synthesis of
mRNAs were constructed as described previously (Noguchi et al., 1987).

Results and Discussion

Xenopus laevis oocytes, to which mRNAa (10 ng/oocyte), mRNAR (10 ng/oocyte), or
both had been injected, were incubated for 3 d in the presence of radioactive leucine.
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The homogenates of the labeled oocytes were brought to 1% with respect to Triton
X-100. After centrifugation the clarified homogenate was subjected to immunopre-
cipitation with either antiserum to «- or B-subunit of Na,K-ATPase or with a mixture
of both antisera. As shown in Fig. 1, the a-subunit detected in oocytes injected with
both mRNAs simultaneously (lanes 3 and 6) was 5- to 10-fold more abundant than
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Figure 1. mRNA« alone (10 ng/oocyte) (lanes I, 4, and 7), mRNAR alone (10 ng/oocyte)
(lanes 2, 5, and 8), or both (lanes 3, 6, and 9) were injected into Xenopus oocytes, which were
then incubated at 19°C for 3 d in the presence of [“C]leucine. The oocytes were homogenized
in the presence of 1% Triton X-100 and the labeled translation products were immunoprecip-
itated with antiserum to the a-subunit (lanes 4-6) or to the B-subunit (lanes 7-9) or with a
mixture of both antisera (lanes /-3). The immunoprecipitates were subjected to SDS-
polyacrylamide gel electrophoresis and subsequent fluorography. Bm and Bc represent fully
glycosylated and core-glycosylated B-subunit, respectively.

that in oocytes injected with mRNAa« alone (lanes 1 and 4). On the other hand, the
amount of the B-subunit synthesized under the direction of mRNAR (lanes 2, 3, 8,
and 9) was not increased, and even somewhat reduced, by coinjection with mRNAa.

The a-subunit in the oocytes injected with both mRNAs simultanecously was
immunoprecipitated with antiserum to the B-subunit (lane 9) though to a lesser
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extent than when immunoprecipitated in the presence of antiserum to the a-subunit
(lanes 3 and 6). This was also the case for the immunoprecipitation of the B-subunit
with antiserum to the a-subunit (lanes 2, 3, and 6). Partial dissociation of the af
complex caused by Triton might be involved in these slight immunoprecipitations.

We next examined whether the translation products were stably inserted into
the membrane. In this experiment, the amount of injected mRNA was increased
from 10 to 60 ng per oocyte when each of the two mRNAs was injected alone to make
the bands, especially the a-subunit, clearly visible on the fluorogram, whereas 10 ng
each of both mRNAs were still used for coinjection. Oocytes that had been injected
with mRNA(s) were homogenized with a Potter-Elvehjem-type homogenizer with a
loose-fitting Teflon pestle driven at ~ 1,000 rpm in ice water. The homogenate was
centrifuged at 160,000 g for 30 min. The pellet formed was suspended in the original
volume of the homogenizing medium and labeled ppt-1. The supernatant was further
centrifuged at 160,000 g for 2 h and the resulting supernatant (sup-2) and pellet
(ppt-2) were saved; the latter was suspended in the original volume of the homogeniz-
ing medium. After the addition of 1% Triton X-100, the original homogenate, ppt-1,
sup-2, and ppt-2 were then subjected to immunoprecipitation with a mixture of
antisera to a- and B-subunit, and the results are shown in Fig. 2. When mRNAq was
injected alone, the a-subunit was recovered in sup-2 as well as in ppt-1, but scarcely
in ppt-2. Injection of mRNAP alone resulted in the recovery of the B-subunit mostly
in ppt-1, although a small amount of the subunit was also detected in sup-2. When
mRNAB was coinjected with mRNAa, both the a- and B-subunits were mostly
recovered in ppt-1, although a small amount of the a-subunit was detected in sup-2.
The recoveries of radioactivity in sup-2 fractions were 40, 10, and 10% of original
homogenate for the a-subunit of oocyte injected with mRNAa alone (lane 7), the
B-subunit of oocyte injected with mRNARB alone (lane 11), and the a-subunit of
oocytes injected with both mRNAs (lane 3), respectively.

Fig. 3 shows the results of alkaline treatment of ppt-1. In this experiment, the
ppt-1 fractions from oocytes that had been injected with mRNA«, mRNAR, or both
were treated with 0.1 M Na,CO, (pH 11) on ice for 15 min and then centrifuged at
100,000 g for 15 min. The translation products in all the ppt-1 preparations were still
tightly bound to the pellet even after the alkaline treatment. Because this treatment
has been shown to remove all peripheral and adsorbed proteins from membranes it
can be concluded that all the translation products associated with the ppt-1 fractions
(including the a-subunit in ppt-1 from oocytes injected with mRNAa« alone) were
stably inserted into the membrane.

To further investigate the mode of binding of the translation products to the
membrane, the ppt-1 fractions were digested with trypsin (at trypsin to ppt-1 weight
rations of 1:10 and 1:100) on ice for 60 min. As shown in Fig. 4, the a-subunit in ppt-1
from oocytes injected with mRNAa« alone was degraded, rapidly yielding several
tryptic fragments (lane 5, arrowheads). The a-subunit recovered in the sup-2 fraction
was also susceptible to tryptic attack (data not shown). On the other hand, the
a-subunit in ppt-1 from oocytes injected with both mRNAs was essentially resistant
to trypsin. However, small amounts of tryptic fragments similar to those observed in
lane 5 were detected also in this case (lane 2, arrowheads), suggesting that part of the
a-subunit was susceptible to trypsin even in the presence of the -subunit. The
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B-subunit in ppt-1 was resistant to trypsin both in the presence and absence of the
a-subunit.

Next, we examined the effects of varying amounts of injected mRNA on the
expression of the a-subunit and on Na,K-ATPase activity of the afs complex formed.
In this experiment, the amount of mRNAa injected was 10 ng per oocyte, whereas 0,
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Figure 2. Insertion of translation products into membrane. Oocytes injected with both
mRNAa and mRNAB (10 ng/oocyte), mRNAa alone (60 ng/oocyte), or mRNAR alone (60
ng/oocyte) were incubated at 19°C for 3 d in the presence of [’H]leucine and fractionated into
ppt-1, sup-2, and ppt-2 as described in text. Labeled translation products in each fraction were
immunoprecipitated as in Fig. 1. The immunoprecipitate was analyzed by SDS-polyacrylamide
gel electrophoresis followed by fluorography. Lanes /-4, from oocytes injected with both
mRNAs; lanes 5-8, from mRNAa-injected oocytes; lanes 9-12, from mRNApB-injected
oocytes.

2.8, 5.6, or 11.6 ng of mRNAP was coinjected per oocyte, which corresponded to
mRNAR to mRNAa molar rations of 0, 0.5, 1, and 2, respectively. It is clearly shown
in Fig. 5, in which the radioactivities associated with the subunit bands are plotted
against the mRNAB to mRNAa molar ratio, that not only the amount of the
B-subunit but also that of the a-subunit increased as the amount of mRNAR
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coinjected increased. For the B-subunits, sum of core-glycosylated, ¢, and mature,
Bm, forms was plotted. Fig. 5 also indicates that Na,K-ATPase activity of the
membrane (ppt-1) fraction also increased as the amount of coinjected mRNAR
increased.

These results strongly suggest that at least one important role of the B-subunit of
Na,K-ATPase is to facilitate correct assembly of the a-subunit into the membrane.
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Figure 3. Alkaline treatment of the membrane (ppt-1) fractions obtained from oocytes
injected with mRNAs. The ppt-1 fraction obtained as described in Fig. 2 was treated with 0.1
M Na, CO, (pH 11) on ice for 15 min. After centrifugation at 100,000 g for 15 min, the resulting
pellet (ppt) and supernatant (sup) were subjected to immunoprecipitation, and the precipitate
was analyzed by SDS-polyacrylamide gel electrophoresis and subsequent fluorography. Lanes
13, from oocytes injected with both mRNAs; lanes 4-6, from mRNA a-injected oocytes; lanes
7-9, from mRNA B-injected oocytes.

This notion is supported by the following observations. Although more than half of
the a-subunit synthesized in Xenopus oocytes injected with mRNAa alone was
recovered in the membrane fraction (Fig. 2) and not removed from the membrane by
alkaline treatment (Fig. 3), this subunit as well as that recovered in the soluble
(sup-2) fraction were rapidly degraded by trypsin (Fig. 4). On the other hand, when
both a- and B-subunits were coexpressed in oocytes, almost all of the a-subunit was
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tightly bound to the membrane (Figs. 2 and 3) and was resistant to trypsin (Fig. 4).
These observations indicate that, in the absence of the p-subunit, the a-subunit is
inserted into the membrane in an aberrant fashion and thus exhibits no Na,K-
ATPase activity (Fig. 6). In other words, correct assembly of the a-subunit into the
membrane is achieved only with the aid of the g-subunit.
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Figure 4. Trypsin sensitivity of the a- and B-subunit associated with the membrane (ppt-1)
fraction. The ppt-1 fractions were prepared from oocytes injected with mRNAs and digested
with trypsin (Worthington, TPCK-treated) at trypsin/protein ratios (wt/wt) of 0 (lanes /, 4, and
7), 0.01 (lanes 2, 4, 6) and 0.1 (lanes 3, 6, and 9) for 60 min on ice. After addition of soybean
trypsin inhibitor (trypsin/inhibitor = 10 wt/wt), the membrane was analyzed by immunoprecip-
itation, SDS-polyacrylamide gel electrophoresis, and subsequent fluorography. Lanes 1-3,
from oocytes injected with both mRNAs; lanes 4-6, from mRNAa-injected oocytes; lanes 7-9,
from mRNAB-injected oocytes.

Geering et al. (1987, 1989) have reported similar results in which they claim that
functional maturation of the a-subunit increases its trypsin resistance and that the
endogeneous and trypsin-sensitive a-subunit present in Xenopus oocytes becomes
trypsin resistant when oocytes are injected with mRNAB. Geering (1990) has
recently reviewed subunit assembly and functional maturation of Na,K-ATPase,
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Figure 5. Effect of varying
amounts of nRNAp coinjected
with a fixed amount of mMRNA«
on synthesis of the a- and
B-subunit and Na,K-ATPase

%] + activity. To a fixed amount of
L4

F=y
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mRNAa (10 ng/oocyte) was
added varying amounts of
3 @ mRNAB (0, 0.28, 5.8, and 11.6
ng/oocyte). The mRNAB to
mRNAa molar ratios of these
mixtures were 0, 0.5, 1, and 2,
respectively. The oocytes that
had received any of the mRNA
mixtures were incubated at
19°C for 3 d in the presence of
[“Clleucine. The ppt-1 frac-
tions that were prepared as
Y described in Fig. 2 were sub-
jected to immunoprecipitation,
mRNA 3/mRNA a (mol/mol) and the immunoprecipitates
were analyzed by SDS-poly-
acrylamide gel electrophoresis and subsequent fluorography. Radioactivities associated with
the a-(A) and B-subunit (Bm plus Bc, A) bands and Na,K-ATPase activities of ppt-1 fractions
(O) are plotted against the molar ratios of mRNAs injected. The ppt-1 fraction from oocytes
into which no mRNAR was injected was used to assess the endogenous Na,K-ATPase activity
(1.71 pmol Pi/mg per h). The Na,K-ATPase activities are plotted after subtracting the
endogenous activity.
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where she mentioned that assembly of a- and B-subunit is essential for expression of
functional Na,K-ATPase.

The mechanism by which the B-subunit facilitates correct assembly of the
a-subunit into the membrane is unclear. A clue to this problem is the observation
that the quantity of the subunit synthesized in oocytes that had received only
mRNAa was significantly smaller than that detected in oocytes injected with both
mRNAa and mRNAB (Fig. 1). This suggests that in oocytes the a-subunit is less
stable in the absence of the B-subunit than in its presence. The stabilizing effect of
the B-subunit on the a-subunit is also suggested by the finding that the amount of the
a-subunit detected in oocytes that have received a fixed amount of mRNAa« increases

Figure 6. Membrane insertion of the
a-subunit in the presence or absence
of the B-subunit. In the absence of
the B-subunit (Jower), the a-subunit is
inserted into membrane in an aber-
rant fashion and becomes unstable.
In the presence of the 8-subunit (up-
per), the B-subunit stabilizes the
a-subunit by forming af complex and
thereby leads to correct conformation
of the a-subunit.




B-Subunit in Expression of Sodium Pump 53

as the amount of coinjected mRNAP increases (Fig. 5). It seems, therefore, that the
stabilization of the a-subunit by the B-subunit is indispensable for the a-subunit to be
correctly inserted into the membrane. It is likely that the B-subunit stabilizes the
a-subunit by forming the af3 complex in the membrane and that only the insertion of
the a-subunit in this complex, but not of the a-subunit alone, into the membrane
leads to correct conformation of the a-subunit and appearance of Na,K-ATPase
activity (Fig. 6).
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Figure 7. Blot hybridization analysis of the a- and B-subunit mRNAs of Na,K-ATPase. The
oocytes were injected with either mRNA (0.5 pg/pl, 20 nl/oocyte) for the o- or B-subunit and
incubated at 19°C for 3 d. The oocytes were then injected with the antisense oligonucleotide
specific for either the a-subunit (1.9 pg/ul, 20 nl/oocyte) or the B-subunit (3.3 pg/ul, 20
nl/oocyte). The amounts of the antisense oligonucleotides injected corresponded to a 500
times molar excess of the respective mRNA that had been injected into an oocyte. At 0, 1, 3, 6,
12, and 24 h after injection of the antisense oligonucleotide, ~ 10 ng of extracted oocyte RNAs
were electrophoresed, blotted, and probed with radioactive «-subunit (lanes 7-6) or
B-subunit (lanes 7-12) cDNA probes.

It was not known whether the pre-existing B-subunit can assemble with and
stabilize the a-subunit expressed later in single oocytes and whether the a-subunit
inserted into the membrane in an aberrant fashion can be rescued by the B-subunit.
For this purpose, the a- and B-subunits were expressed in turn in single oocytes by
alternately injecting specific mRNAs for the a- and B-subunits. Dash et al. (1987)
have demonstrated that injection of small oligonucleotides into Xenopus oocytes
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leads to complete degradation of complementary mRNA by means of an RNase
H-like activity. To avoid the coexistence of mRNAa and mRNAR in single oocytes,
we injected a synthetic oligonucleotide specific for the mRNA first injected to
degrade the first mRNA before the injection of the second mRNA. The crucial point
of this experiment is whether an antisense oligonucleotide complementary to the
mRNA first injected abolishes the translation of the mRNA while the second mRNA
is translated. To study whether an antisense oligonucleotide could degrade mRNA
for the Na,K-ATPase subunit, the oligonucleotide complementary to a part of the
mRNAa [3'-(3)CCCCTTTCCCCGACGTTCACTCTTC(27)-5'] and mRNARB [3'-
(78)CCCGTCCTGGCCGTGCTCGACCAAG(102)-5'] were injected 3 d after injec-
tion of mRNAa and mRNAR, respectively, and the time course and degree of
mRNA degradation after antisense oligonucleotide injection were examined by
using blot hybridization analysis. The results are shown in Fig. 7. The injected
mRNA was recovered with total oocyte RNA at 1, 3, 6, 12, and 24 h after injection of
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Figure 8. Sequential injection of mRNAs and antisense oligonucleotide in a single oocyte. For
details, see text.

oligonucleotide, electrophoresed, and transferred to Biodyne membrane for hybrid-
ization to either a-subunit (lanes /-6) or B-subunit (lanes 7-12) cDNA probes. In
both cases, the mRNAs were almost completely degraded 12-24 h after the injection
of the oligonucleotides.

These observations strongly indicate that the first-injected mRNA did not
coexist in oocytes with the mRNA injected next as long as the latter mRNA injection
was performed no earlier than 12 h after injection of the antisense oligonucleotide
specific for the first mRNA. Instead, the translation products of the first-injected
mRNA coexist with the second mRNA injected and hence with the nascent or newly
synthesized polypeptides translated from the second mRNA (Fig. 8). We then
performed sequential injections of mRNAs and antisense oligonucleotides in single
oocytes. We first expressed the a-subunit followed by expression of the B-subunit in
single oocytes, or in the reverse order by alternately injecting the respective mRNAs.
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Figure 9. Expression of Na,K-ATPase subunits in mRNA-injected oocytes. (Upper) Time
schedule for the injection of mRNAs and antisense oligonucleotides. The figures on the left
side correspond to the lane numbers in the fluorograms. Broken and solid lines represent the
periods when the oocytes were incubated in the absence and the presence of [*H]leucine,
respectively. (Lower) Oocytes were injected with mRNAs and antisense oligonucleotides in
turn as illustrated in the upper figure. The concentrations used for injections were as follows:
both mRNAs, 0.5 g/l each; antisense oligonucleotide for the a-subunit, 1.9 pg/pl; antisense
oligonucleotide for the B-subunit, 3.3 pg/ul. 20 nl of each was injected into an oocyte. The
extracts were immunoprecipitated with antiserum against the a-subunit (lanes 2, 5, 8, 11, 14,
17, and 20), antiserum against the B-subunit (lanes 3, 6, 9, 12, 15, 18, and 21), or with a mixture
of both sera (lanes 1, 4, 7, 10, 13, 16, and 19) and analyzed by gel electrophoresis followed by
fluorography.
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TABLE I
Na,K-ATPase and Ouabain-binding Activities in mRNA-injected Qocytes

Ouabain-binding

Sample ATPase activity activity
wmol Pijmg per h fmolfoocyte
1. mRNAq — anti.oligo.(a) - mRNAB 2.65 +0.35 19.1 £ 3.7
2. mRNAB — anti.oligo.(B) - mRNA« 3.71 = 0.84 25.8 £ 3.1
3. mRNA«a + mRNAB 4.65 = 0.09 40.5 = 12.1
4. Noninjected 228 +0.19 172+ 3.4

For samples 1 and 2, oocytes were injected with mRNAs and antisense oligonucleotides in the
order indicated in the left column. Sample 3 is a positive control in which both mRNAs were
injected simultaneously, and sample 4 is used to assess the endogenous activities in oocytes.
The concentrations of materials and time schedule for expression were the same as indicated
in Fig. 9. The values are the means of three independent experiments. Anti.oligo.(e) and
anti.oligo.(B) denote the antisense oligonucleotides specific for the a- and B-subunits,
respectively.

The translation of the mRNA that had been injected first was blocked by the
injection of the antisense oligonucleotide specific for that mRNA before the second
injection of the other mRNA. The results are shown in Fig. 9. The oocyte was first
injected with mRNA for the B-subunit, then with the antisense oligonucleotide
specific for the B-subunit, and finally with mRNA for the a-subunit containing a high
level of the labeled a-subunit (Fig. 9, lanes 16 and 17). Detectable labels were not
incorporated into either the core-glycosylated (Bc) or the fully glycosylated B-subunit
(Bm) of this oocyte (Fig. 9, lanes 16 and 18), suggesting that the a-subunit but not the
B-subunit was synthesized during the second 3-d incubation, which was carried out in
the presence of [’H]leucine. Nevertheless, the labeled a-subunit was immunoprecip-
itated with antiserum against the p-subunit, though the precipitated a-subunit was
slight (Fig. 9, lane 18). These results indicate that the B-subunit which has been
incorporated in the membrane can assemble with the a-subunit expressed later in
single oocytes. As mentioned earlier, partial dissociation of the aff complex caused
by Triton might lead to the precipitation of a small amount of the a-subunit with
anti-B-subunit serum. The oocytes were first injected with the mRNA for the

<
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Figure 10. Na,K-ATPase activity of
the complexes of the a-subunit with
Cys-mutants of the B-subunit ex-
pressed in Xenopus oocytes. Ouabain-
sensitive ATPase activity in mi-
crosomes from noninjected oocytes
(@), and from oocytes injected with
mRNAR for the wild-type (O), Cys-
127 to Ser (A), or Cys-278 to Ser (A)
mutant together with mRNA for the
wild-type a-subunit.
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a-subunit, then with an antisense oligonucleotide specific for the a-subunit, and
finally with the mRNA for the B-subunit produced a high level of the B-subunit (Fig.
9, lanes 7 and 9). Contrary to the former case, any detectable B-subunit was not
immunoprecipitated with antiserum against the o-subunit (Fig. 9, lane 8), suggesting
that very little, if any, of the af complex is formed in this case.

The Na,K-ATPase and ouabain-binding activities of the oocytes were assayed to
determine whether the ap complexes formed through the alternate injections of
mRNAs were enzymatically active. Oocytes injected with mRNAs for the a- and

— TR

N ! -
. _—— « CaA

Figure 11. Coinjection of mRNA for Ca-ATPase of sarcoplasmic reticulum with mRNAR into
Xenopus oocytes. Oocytes injected with either mRNAa or mRNA for Ca-ATPase solely or in
combination with mRNAR were incubated at 19°C for 3 d in the presence of [*H]leucine. The
labeled translation products were immunoprecipitated with antisera as shown on the top of
figure. CaA represents Ca-ATPase.

B-subunits simultaneously were used as positive controls, and noninjected oocytes
were used as controls to assess the endogenous Na,K-ATPase activity. The results
are shown in Table I. Both the ATPase and ouabain-binding activities in oocytes
which were first injected with mRNA for the B-subunit, then with antisense oligonu-
cleotide for the B-subunit, and finally with mRNA for the a-subunit were obviously
higher than those in noninjected oocytes, although they were lower than those in
oocytes injected with both mRNAs simultaneously. The oocytes first injected with
mRNA for the a-subunit, then with antisense oligonucleotide for the a-subunit, and
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finally with mRNA for the B-subunit showed little increase in both activities from
those of noninjected oocytes. These results indicate that the -subunit, probably
remaining in the endoplasmic reticulum, can assemble with and stabilize the newly
synthesized a-subunit, leading to the active enzyme complex.

It is tempting to assume that although the a-subunit alone is inserted into the
membrane, the conformation of the a-subunit thus inserted may be somehow
different from that of the a-subunit in the complex with the B-subunit and that
correct conformation of the a-subunit may be obtained only when nascent polypep-

1 1022
NNN

1 332 308 803 818 1022
NCN I

1 817 804 994
NNC I B

1 332 308 994
NCC I ]

[ 3 :Ca-ATPase
M : Na,K-ATPase

Figure 12. Schematic representation of the structures of Na,K-ATPase a-subunit/Ca-ATPase
chimeric proteins. The two joining points are shown by arrowheads in the model (upper). N
and C represent the a-subunit and Ca-ATPase, respectively. M represents transmembrane
segment.

tides of the a-subunit are assembled with the B-subunit. In other words, the
B-subunit is a receptor for the nascent a-subunit, as has been claimed by Hiatt et al.
(1984).

Another interesting point is which part of the B-subunit interacts with the
a-subunit in the aff complex. The results obtained from site-directed mutagenesis of
cysteine residues of the B-subunit (see Noguchi et al., 1991) and from expression of
chimeric cDNAs between Na,K-ATPase a-subunit and Ca-ATPase of sarcoplasmic
reticulum (Morohashi, M., T. Mita, and M. Kawamura, manuscript in preparation)
shed light on the interaction site(s) between the «- and B-subunits. The B-subunit
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contains seven cysteine residues, six of which are cross-linked by disulfide bridges
(for Torpedo californica, Cys'”-Cys'’, Cys'*-Cys'", Cys**~Cys””; Kirley, 1989; Miller
and Farley, 1990). Among these cysteine residues, Cys'?’ and Cys”™ were replaced by
serine by site-directed mutagenesis and resulting mutants were expressed in Xenopus
oocytes by injecting the mutated mRNAP together with wild-type mRNAa. As
shown in Fig. 10, ouabain-sensitive ATPase activity of microsomes from oocytes
injected with Cys'”-mutated mRNAP obviously increased from the level of the
control oocytes (none of mMRNA was injected), while the ATPase activity in Cys™
mutant was at the control level. Immunoprecipitation experiments revealed that the
af complex was formed in the former but not in the latter, suggesting that the
Cys*®-Cys™ disulfide bridge and, hence, the conformation of the COOH-terminal
region of the B-subunit are involved in the formation of the o complex.

mRNA NNN NCN NNC NCC None

a+CaA + + 4+ + o+ + o+ + o+ :
B +++ & & + + o+ ey + + antisera

’h

0"
™~

:

Be >

Figure 13. Expression of chimeric proteins in Xenopus oocytes. Chimeric mRNAs injected
into oocytes and antisera used for immunoprecipitation are shown at the top of figure. nRNA
for the wild-type B-subunit was simultaneously injected. For chimeric mRNAs, see Fig. 12.
Injection of mRNAs, labeling with [*H]ieucine and immunoprecipitation were carried out as
shown in Fig. 11.

The sarcoplasmic Ca-ATPase exhibits quite similar hydrophobic profiles and
possesses an essentially identical transmembrane topology to that of the a-subunit of
Na,K-ATPase. However, when the mRNA for Ca-ATPase and mRNAB were
coinjected into oocytes, Ca-ATPase could not be precipitated with the antiserum to
the B-subunit (Fig. 11), suggesting that the Ca-ATPase could not associate with the
B-subunit. Taking advantage of this fact, we constructed three chimeric cDNAs, to
reveal the region of the a-subunit involved in the assembly with the B-subunit. The
two joining points were set in the region conserved between the two ATPases so that
the chimeric proteins would have primary structures with equal size and that
structural disturbances around the joins would be minimized. The schematic repre-
sentation of the structures of those three chimeric proteins is shown in Fig. 12, where
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N and C represent the a-subunit of Na,K-ATPase and Ca-ATPase, respectively.
These chimeric mRNAs and wild-type mRNAa« were injected into oocytes together
with mRNAB.

No detectable chimeric proteins were precipitated with antiserum to the g-sub-
unit for NNC and NCC, whose COOH-terminal one-third were Ca-ATPase, whereas
chimeric proteins were precipitated with antiserum to the B-subunit for NNN and
NCN, whose COOH-terminal one-third were a-subunit (Fig. 13). These results
suggest that the COOH-terminal one-third of the a-subunit is indispensable to the
assembly with the B-subunit. As all three chimeric cDNAs that we constructed
contained the NH,-terminal one-third of the a-subunit, it is unknown whether the
NH,-terminal one-third is required for the o} interaction.

Construction and expression of Na and Ca pump chimeric molecules has
recently been reported by Takeyasu’s group (see Luckie et al., 1991). Their chimeric
molecule I, consisting of NH,-terminal two-thirds of Na pump and COOH-terminal
one-third of Ca pump, is expressed exclusively inside the cells, while chimeric
molecule II, containing NH,-terminal two-thirds of Ca-pump and COOH-terminal
one-third of Na pump, is transported to the plasma membrane. Because the
a-subunit is transported to the plasma membrane only when it assembles with the
B-subunit, it is likely that the chimeric molecule 11, but not I, is associated with the
B-subunit. These results also suggest that COOH-terminal one-third of the a-subunit
is required for the assembly with the B-subunit.
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Summary

The pioneering work on the Na,K-ATPase was dominated by the concept that this
enzyme was essentially the same in all tissues and organisms. Now, with the
development of new molecular and immunological techniques, the Na,K-ATPase is
found to be composed of several clearly different subunit types. This brief update
focuses on the identification of subunits and recent ideas about their functional
differences.

Introduction

Research on ion transport processes in the 1960’s and 70°s was dominated by the
simplifying paradigm that complex tissue behavior could be understood as the sum of
the actions of several essentially stereotypical transport proteins. In other words, the
active transport of Na* and K" was carried out by a Na,K-ATPase that catalyzed an
identical molecular reaction wherever it was found, and secondary carriers and
channels determined whether a cell was involved in absorption, secretion, or action
potentials. This useful concept made it possible to focus on the enzymology of the
purified protein.

Biochemical, molecular, and electrophysiological techniques eventually re-
vealed that the majority of proteins that play interesting roles in cell behavior come
in multiple molecular forms, each specialized in subtle ways (Lester, 1988). The
Na,K-ATPase has isoforms of both its a- and B-subunits (reviewed in Sweadner,
1989; Lingrel et al., 1990).

Alpha Isoforms: Multiple Genes Arising from One?

In vertebrates (rat, human, and chicken), it has been clearly shown that there are
three independent genes for a-subunits, known as al, o2, and «3. The deduced
isoform protein sequences show unambiguous similarity even between species (see
Fambrough et al., 1991; Lingrel et al., 1991), leading to the supposition that any
unique functional roles they play arose early and were conserved through a substan-
tial part of evolution.

The H,K-ATPase, which is 70% identical to the Na,K-ATPase and homologous
along its entire length, can be considered to be a fourth isoform (reviewed in
Sweadner, 1989). The H,K-ATPase has also been found to be complexed with a
B-subunit homologous to those of the Na,K-ATPase (see below). Other members of
the aspartyl-phosphate family of ion transport ATPases, such as Ca-ATPases and
proton pumps, share blocks of homology with the Na,K-ATPase, but also have long
stretches of completely dissimilar sequence, and have not been proven to have
B-subunits.

Recent examination of Na,K-ATPase a-subunit genes from invertebrate ani-
mals has been used to assess the evolutionary origin of the Na,K-ATPase isoforms.
Complete cDNA sequences for a-subunits have been determined for crustaceans
Drosophila (Lebovitz et al., 1989) and Artemia (Baxter-Lowe et al., 1990), and for the
coelenterate Hydra (Canfield et al., 1990c), and a partial sequence for the nematode
Caenorhabditis (Somerville and Fambrough, 1990). In all cases there was substantial
sequence homology with all three vertebrate genes, with the majority of divergence at
the NH, terminus. Extensive restriction mapping of Drosophila clones did not reveal
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any other genes, suggesting that invertebrates may not have multiple isoform genes
(Lebovitz et al., 1989). The brine shrimp Artemia, however, expressed Na,K-ATPase
activities with demonstrable kinetic differences in different tissues, as recently
detailed and reviewed by Cortas et al. (1989).

It has often been possible to partially resolve the Na,K-ATPase a-subunit
isoforms from each other on SDS gels (reviewed in Sweadner, 1989). Occasionally,
however, doublets are seen in preparations that ostensibly have only one isoform.
Recent developments have indicated that the production of such doublets is influ-
enced by experimental variables. Siegel and Desmond (1989) found that the propor-
tion of alkyl sulfates of higher chain length (sodium tetradecyl sulfate) in their SDS
was critical for seeing doublets in kidney preparations; Cortas et al. (1988, and
manuscript submitted for publication) have shown that the NH,-terminal sequences
of the proteins in the doublets are both that of al. A similar observation was made by
Kurihara et al. (1990), who found doublets in preparations from rat submandibular
gland, even in conditions where rat kidney preparations gave a single band. The new
band migrated faster than either band in brain preparations. NH,-terminal sequence
analysis, however, indicated that it was (or was derived from) al. The influence of
detergent composition, heating in SDS, and reduction and alkylation upon « isoform
gel mobility has now been analyzed at length (Sweadner, 1990). The conclusion was
reached that anomalous electrophoretic mobility results from the incomplete unfold-
ing of the a-subunit in detergent, and that the appearance of doublets alone is not
sufficient evidence to document the existence of new isoforms.

Isoforms of

At this writing, four different B-subunits have been identified. The prototypical
Na,K-ATPase B-subunit characteristic of mammalian kidney, now known as B1, has
been sequenced from several vertebrate species (reviewed in Sweadner, 1989,
Lingrel et al., 1990). A mammalian $2-subunit was found by low stringency hybridiza-
tion (Martin-Vasallo et al., 1989a), and independently cloned as a neuron-glia
adhesion protein (Pagliusi et al., 1989; Gloor et al., 1990). Its sequence is now known
from human, rat, mouse, and chicken (Lemas et al., 1990), and the level of identity
with B1 is only ~40%. A different B-subunit type, now known as (33, has been
isolated from Xenopus (Good et al., 1990). Finally, a B-subunit for the H,K-ATPase
has been identified (Hall et al., 1990; Okamoto et al., 1990) and cloned (Canfield et
al., 1990b; Reuben et al., 1990; Shull, 1990) from rat and rabbit (see Canfield et al.,
1991). It shares 29% identity with Na,K-ATPase B1 and 37% identity with Na,K-
ATPase B2 (Shull, 1990). All of the B-subunits are predicted to have a single
transmembrane segment close to the NH, terminus, and there is conservation of
cysteines. They differ, however, in the number of asparagine-linked glycosylation
consensus sequences, and there are two stretches of amino acid sequence that are
completely divergent when B1 and B2 are compared (Gloor et al., 1990).

Where Are al, a2, o3, B1, and B2 Expressed?

Early work with both isoform-specific antibodies and Northern blots established the
tissue specificity of « isoform expression (reviewed in Sweadner, 1989). Antibodies
made against fusion proteins (Shyjan and Levenson, 1989) and NH,-terminal se-
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quence analysis (Arystarkhova et al., 1990) have recently been used. al is found
nearly everywhere, while [o2] predominates in skeletal muscle. o2 is found in the
adult rat heart, while o3 is expressed in the newborn rat heart (Orlowski and Lingrel,
1990; Lucchesi and Sweadner, 1991); in other species, including human, «3 is
expressed in adult cardiac tissue (Amato, S., and K. J. Sweadner, unpublished
observations). a3 is found predominantly in the nervous system (reviewed in Swead-
ner, 1989) and has been reported in ciliary epithelium (Martin-Vasallo et al., 1989b;
Ghosh et al., 1990), pineal (Shyjan et al., 1990b), and in small amounts in the kidney
(Arystarkhova et al., 1989). In certain human leukemia cell lines (Gilmore-Hebert et
al., 1989) a3 mRNA was found to be expressed in undifferentiated cells and to
change its level of expression when cells were induced to differentiate.

B1, like al, appears to be expressed in many tissues, although its stoichiometric
presence in liver and skeletal muscle remains controversial. B2 is expressed selec-
tively in the brain (Pagliusi et al., 1989; Martin-Vasallo et al., 1989a; Shyjan et al.,
1990c). It copurifies with Na,K-ATPase activity (Shyjan et al., 1990c) and has been
purified specifically as a complex with a2 (Gloor et al., 1990). It has also been
detected with a3 in the pineal (Shyjan et al., 1990b) and in photoreceptors (Schnei-
der and Kraig, 1990), and with o2 or a3 in the ciliary epithelium (Coca-Prados et al.,
1990).

Because all three isoforms are expressed in the brain, the nervous system has
become a particular focus for investigating which cell types express which isoforms.
Analysis of populations of neurons and glia in culture has been used in combination
with Northern blots to demonstrate that a2 mRNA is predominant in glial cells while
a3 is predominant in neuronal cells (Corthésy-Theulaz et al., 1990b). The heteroge-
neous cell populations studied, combined with the background of mRNA of each
type, makes it impossible to use these data as evidence for absolute cell type
specificity for each isoform; however, the data suggest a quantitative trend that has
been corroborated by immunocytochemistry and in situ hybridization techniques.

In situ hybridization with isoform-specific probes has been used to assess the
cellular location of the mRNAs. Schneider et al. (1988) examined cross-sections of
entire rat fetuses, demonstrating characteristic organ distributions of the isoforms,
and examined sections of adult rat brain at higher magnification. They found a
concentration of «3 mRNA in large-diameter neurons in the cortex and cerebellum;
o2 mRNA was very diffuse in its distribution. Hieber et al. (1989) used an a1 probe at
relatively low stringency to compare mRNA localization with stain obtained with a
crossreactive anti-Na,K-ATPase antiserum using kidney, retina, and cerebellum. As
expected for the nervous system, where the plasma membrane of neurons is often
very distant from the nucleus, the hybridization signal was often removed from the
immunofluorescent signal. These investigators have gone on to perform high strin-
gency hybridization with probes for al and o3 in the central and peripheral nervous
systems (Siegel et al., 1990; Hieber et al., 1991; Mata et al., 1991). Filuk et al. (1989)
employed in situ hybridization at several anatomical levels with probes for all three o
isoforms using very low magnification. The low magnification images illustrate
graphically how heterogeneous the isoform distribution is. In situ hybridization
studies have also been used to detect the distribution of the B isoform mRNAs in
different regions of the central nervous system (Filuk et al., 1989, 1990; Pagliusi et al.,
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1990). In particular, a remarkable concentration of B2 is found in the granular cell
layer of the cerebellum, compared with other brain regions.

Isozyme-specific antibodies have been used to demonstrate the presence of the
proteins in different cell types. The most detailed studies to date have been done on
nervous tissue, notably the retina, brain, and spinal cord. McGrail and Sweadner
(1989) used monoclonal antibodies to al, a2, and a3 to stain sections of the retina
and optic nerve and dissociated retinal cells. Very distinct differences were seen in
the distribution of the isoforms, even at low magnification. Photoreceptors expressed
predominantly a3, and the stain was narrowly restricted to the inner segment, where
the sodium pump powers the dark current that originates in the outer segments.
Bright stain for o3 was also seen in the outer synaptic layer where photoreceptors
synapse with other retinal neurons, but staining in the inner synaptic layer was
relatively light, and stratified at particular levels. Stain for al, in contrast, was very
bright in the inner synaptic layer. Stain for o2 was diffuse and light, except for
prominent staining of a subclass of amacrine neurons and of blood vessels. When
dissociated, identified cells were examined, one type of neuron (bipolar cells) was
found to express only a3, and the stain was concentrated in its dendrites. Another
neuron, the horizontal cell, expressed al and 3 at high levels. The glial cell of the
retina, the Miiller cell, expressed both a1 and a2, but all of the Miiller cells expressed
al, while only 15% expressed a2. The localization studies made it very clear that the
Na,K-ATPase isoforms cannot be classified as “neuronal” or “glial.” a1, o2, or a3
can be expressed in neurons, and al or o2 in glia. Investigation of the distribution of
isoforms in the brain corroborated this picture of very cell-specific isoform gene
expression control (McGrail et al., 1991). Cerebellar cortex, hippocampus, corpus
callosum, pons, and spinal cord were examined. Many large-diameter neurons, which
produce long axons, were found to express a2 and a3 in the vicinity of their cell
bodies, and many white matter tracts were found to have 3 in the axolemma. There
were exceptions to this generalization, however, making it impossible to draw simple
conclusions.

A similar degree of cell type specificity was seen in the ciliary epithelium by
Martin-Vasallo et al. (1989b) and Ghosh et al. (1990). This is a transporting
epithelium secreting the aqueous humor of the eye, but unlike most epithelia it is
anatomically complex and has two layers composed of different cell types. Nonpig-
mented cells of the pars plicata expressed all three isoforms, while in the pars plana
they expressed al and «2. The pigmented cells of both pars plana and pars plicata
expressed only al.

Are the a Isoforms Functionally Different?

The difference in cardiac glycoside sensitivity of the rat Na,K-ATPase isoforms is
well known, and its basis in particular amino acid residues has been reviewed
elsewhere (Lingrel et al., 1990). Two recent contributions have documented that
three different cardiac glycoside affinities can be detected in preparations from rat
brain, presumably due to al, a2, and a3 (Berrebi-Bertrand et al., 1990; Blanco et al.,
1990). Cardiac glycoside affinity differences have been noted for other species as
well, but puzzling inconsistencies between the results of different investigators
continue to complicate the picture and cannot be treated in depth here. Suffice it to
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say that the biological role of the cardiac glycoside binding site, if any, is still not
known.

One of the most fundamental questions about the Na,K-ATPase isoforms is
whether or not they catalyze the same transport reaction. The H,K-ATPase differs
from the Na,K-ATPase in only two significant respects: it transports H* instead of
Na*, and it is not detectably affected by cardiac glycosides. These two features should
prove to have an interesting structural basis when the two enzymes are compared.
The al, o2, and o3 isozymes of the Na,K-ATPase have not yet been explicitly
compared under identical conditions. It has been established, however, that a2
(Canfield et al., 1990qa; Jewell and Lingrel, 1990) and a3 (Jewell and Lingrel, 1990)
can support the survival of ouabain-sensitive cells in the presence of ouabain when
they are modified to be ouabain resistant by site-directed mutagenesis. Transfection
experiments have also established that both «3 (Hara et al., 1988) and o2 (Shyjan et
al., 1990a) are capable of catalyzing *Rb* uptake. The biochemical properties of the
a3/B2 complex found in the pineal have also been studied (Shyjan et al., 1990b),
indicating that it is essentially similar in its reaction to al.

Other functional differences have been reported. Mixtures of o2 and o3 have a
higher nucleotide affinity and broader nucleotide specificity (reviewed in Sweadner,
1989). A higher affinity for Na* has been known for brain Na,K-ATPase since the
work of Skou (1962). This higher affinity was found to be a property of axolemma
Na,K-ATPase (a2 and a3; reviewed in Sweadner, 1989), and has recently been found
to be characteristic of the a3 of the pineal (Shyjan et al., 1990b). Anner et al. (1989)
have demonstrated a difference in Na* affinity and maximum transport rates
between the al isoforms of rat and rabbit, however. The difference was described as
a “defect,” not an affinity difference. The data raise the question of whether the
isoform differences noted in the rat will be found to be applicable to other species.

Other kinetic differences between isoforms have been reported, including
differences in the balance between E -E, conformation changes and the effects of
ligands on K*-pNPPase activity (reviewed in Sweadner, 1989). Since all of these
experiments were performed on mixtures of o and B isoforms, there is much room for
further investigation. Sensitivity to tryptic digestion, a property used to probe
conformational states, has also been proven to be different. With a1 examined from a
variety of animal species, cleavage has been observed at the T1, T2, and T3 sites in a
manner dependent on the Na* or K* conformations of the enzyme (reviewed in
Jgrgensen and Andersen, 1988). The tryptic cleavage sites are conserved in the three
a isoform sequences, and yet cleavage of a2 and a3 proceeds not only at different
sites, but at markedly different rates (Urayama and Sweadner, 1988). Accessibility to
the protease may be determined by protein packing and conformation at the surface,
and these features are somehow different for the three isoforms.

Regulation of Isoforms in Intact Cells

Intriguing results have been obtained when attempts have been made to estimate the
relative levels of activity of Na,K-ATPase isoforms in intact cells and synaptosomes.
Ouabain-sensitive *Rb* uptake has been used as a measure of pump function, taking
advantage of the fact that in the rat, al has a much lower affinity for ouabain than a2
or o3. Resh, Lytton, and Guidotti’s original work on epididymal fat pad adipocytes
(reviewed in Sweadner, 1989) indicated that in untreated adipocytes the high affinity
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form (later shown to be a2) was virtually inactive. Preincubation of adipocytes to
manipulate intracellular Na* concentration made it possible to demonstrate that the
inactivity of a2 was due to a low apparent affinity for Na*. Treatment of the
adipocytes with insulin greatly increased the *Rb* uptake sensitive to low concentra-
tions of ouabain, and increased the apparent affinity for Na*. When ouabain-
sensitive ATP hydrolysis was measured in broken membrane preparations, the al
and o2 isoforms were both of high Na* affinity, implying that the modulation of Na*
affinity was due to a factor lost when the cells were broken.

Brodsky and Guidotti have followed up these results with two different ap-
proaches. First, Brodsky (1990a) examined the insulin sensitivity of a preadipocyte
cell line, 3T3-F442A. Without insulin treatment, the 3T3-F442A adipocytes dis-
played only low—ouabain affinity *Rb* uptake, like fat pad adipocytes without insulin
treatment. Intracellular Na* was manipulated and *Rb* uptake sensitive to 2 mM
ouabain was measured to estimate Na* affinity, and the affinity was high (6.2 mM),
like al in fat pad adipocytes. The experiments performed by Lytton on fat pad
adipocytes were not replicated exactly: the ouabain sensitivity of uptake after insulin
pretreatment was not examined, nor was the Na* affinity of uptake sensitive to 10
M ouabain, apparently because a2 was not present at high enough levels for the
experiments to be technically feasible. (a2 mRNA was present in the 3T3-F442A
adipocytes, not the fibroblasts, but only as the 3.4-kb transcript. a2 protein was also
present [see Brodsky’s note added in proof], but the proportion relative to al was not
known. Russo et al. [1990] similarly detected o2 in the related 3T3-L1 preadipocytes
when differentiated.)

The conclusion (Brodsky, 1990a) was that only a1 made a significant contribu-
tion to ¥Rb* uptake capacity in the 3T3-F442A cells, whether examined as fibro-
blasts or as adipocytes. When insulin was added to either fibroblasts or adipocytes,
there was a greater than twofold increase in *Rb* uptake, accompanied by an
increase in glucose uptake. The crucial new observation was that insulin increased
2Na* uptake into 3T3-F442A fibroblasts, something that had been ruled out in fat
pad adipocytes in earlier work. The increase was not sensitive to amiloride, and an
insulin-sensitive Na* channel was postulated that would increase al pump activity by
increasing substrate availability.

Brodsky and Guidotti (1990) returned to the question of modulation of Na*
affinity using synaptosomes, which have high levels of a2 and/or «3. When the
ouabain sensitivity of ATP hydrolysis was measured in synaptosomal plasma mem-
brane preparations, 80% of the activity was high affinity and 20% was low affinity.
The apparent Na® affinities of the high—- and low-ouabain sensitivity ATPase
activities in membranes were 12.5 and 9 mM, respectively. When ¥Rb* uptake into
intact synaptosomes was measured, however, the high-ouabain affinity component
was only 27% of the total. If both high— and low—ouabain affinity activities had about
the same Na" affinity, the high—ouabain affinity form(s) would have to be pumping
“Rb* at only 10% of maximum efficiency to explain the data. This initially appears
similar to the behavior of o2 in fat pad adipocytes.

Direct estimation of Na* affinity for *Rb* uptake by manipulating intrasynapto-
somal Na" concentrations indicated that the low—ouabain affinity form had a Na*
affinity of 12 mM, while the high-ouabain affinity form had a Na* affinity of 35 mM
(Brodsky and Guidotti, 1990). Intracellular Na* was later shown to be 104 mM in the
synaptosomes, which should not be very rate limiting. For an enzyme with a Hill
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coefficient of 1.5-2.0, a pump with an affinity of 35 mM should be 80-90% active at
104 mM Na*, much more than the 10% that was observed. The reduced affinity for
Na' is thus in the right direction, but a reduced V. is indicated. The high—ouabain
affinity form (a2 and/or o3) with K of 35 mM was proposed to act as a reservoir of
pump activity that could be activated either by a substantial rise in intracellular Na*
concentration or by an increase in its Na* affinity. From the measured affinities and
known intracellular Na* levels, it was calculated that only 1.4% of the high—ouabain
affinity form should be active under resting conditions in vivo. Presumably it could
also be activated by an increase in its V..

Brodsky (1990b) showed that insulin selectively activated the high—ouabain
affinity *Rb* uptake activity in synaptosomes; insulin was without measurable effect
on Na* uptake processes. Very high concentrations of insulin were required, and so it
is not known if the phenomenon occurs in vivo.

Do the Isoforms Have to Be Functionally Different?

Experience with isoforms of a variety of other proteins indicates that there are
usually kinetic differences that contribute to differences in cellular function when
one isoform is exchanged for another. In principle, this does not have to be the only
reason for having isoforms, however. Two separate gene products could be required
if their rates of synthesis and degradation had to be different, to be able to respond
by up- or downregulation. Corthésy-Theulaz et al. (1990a) have reported a large
difference in relative transcription rates, measured by nuclear run-on assay, and
mRNA abundance for al, a2, and &3 in cultures of central nervous system cells. The
transcription rate for o3 was very slow, yet the mRNA abundance very high, when
compared with the other isoforms. One might expect this of an isoform whose rate of
synthesis did not need to respond to acute cellular conditions. A similar observation
was made by Gilmore-Hebert et al. (1989), who observed that a3 transcription rates
in the HL60 cell line were much lower than their a3 mRNA levels would suggest.
Post-transcriptional regulation of a3 mRNA levels was demonstrated in the HL60
cells by the observation that DMSO induction was accompanied by a dramatic
decrease in the mRNA with no change in its rate of transcription (Gilmore-Hebert et
al., 1989).

Structurally different isoforms might be required to enable the cell to target the
Na,K-ATPase to particular subcellular regions. There is substantial evidence for
subcellular targeting now. Gottardi and Caplan (1990) have shown that Na,K-
ATPase and H,K-ATPase are targeted to different membrane domains in MDCK
cells. al and a3 appear to be in different parts of hippocampal pyramidal cells
(McGrail et al., 1991). o3 is very tightly localized in photoreceptors (McGrail and
Sweadner, 1989). Electron microscopy has delineated the Na,K-ATPase distribution
in the photoreceptor inner segment, and has shown that the a3 is found in
association with B2 (Schneider et al., 1991). The Na,K-ATPase in the inner segment
is known to be anchored so that it is not free to diffuse in the membrane (Spencer et
al., 1988), and spectrin has been implicated in its immobilization (Madreperla et al.,
1989). Nelson and collaborators have demonstrated a direct association between the
Na,K-ATPase and ankyrin (see Nelson et al., 1991).

A completely different role for an isoform of the B-subunit of the Na,K-ATPase
has come from the work of Schachner and collaborators. A cDNA for B2 was cloned
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as a molecule mediating neuron—glial adhesion in cultures and slices of the cerebel-
lum (Pagliusi et al., 1989; Gloor et al., 1990). The adhesion protein, called AMOG
for adhesion molecule on glia, was first identified by a monoclonal antibody that
blocked adhesion in in vitro assays (Antonicek et al., 1987; Antonicek and Schachner,
1988). The same antibody was used to purify the protein by affinity chromatography.
It was a 46,000-M, protein on SDS gels, accompanied by varying amounts of a
100,000-M, protein; both subunits comigrated with purified rat brain Na,K-ATPase.
Two tryptic fragments came from the sequence of a2, while three others came from
no known protein. Oligonucleotide probes based on one of the tryptic fragments
pulled out two clones encoding the entire sequence of mouse B2. Antibodies raised
against the AMOG complex crossreacted with the Na,K-ATPase, and monoclonal
antibodies specific for rat a2 recognized the 100,000-M, protein in purified mouse
AMOG preparations (Gloor et al., 1990).

The original monoclonal antibody that blocked cell—cell adhesion also stimu-
lated ¥Rb* uptake ~30% in intact astrocytes in culture (Gloor et al., 1990). The
mechanism of stimulation is not known, but at the very least the data indicate that
the antibody interacts with active Na,K-ATPase. The activity of the Na,K-ATPase is
not required for the adhesion event, however. Adhesion, blocked by the AMOG
antibody, occurred equally well at 4°C and in the presence of 1 mM ouabain at 37°C
(Gloor et al., 1990). It appears that B2 plays a dual role: both as a subunit of the
Na,K-ATPase, complexed in this case with o2, and as a component involved in
cell-cell interactions. The B2 sequence is not homologous to any of the other
characterized classes of adhesion molecules, although the protein isolated from
mouse brain does carry the L3 carbohydrate epitope, which occurs on some other
adhesion molecules. Exactly how B2 participates in adhesion and what protein acts as
its receptor remains to be elucidated.

Summary

Space does not permit coverage of recent developments either in the structure of the
untranslated sequences of each of the Na,K-ATPase isoforms or in the regulation of
gene expression by hormones, developmental events, and pathological conditions.
The explosion of interest in the isoforms promises to continue until definitive
functional differences are well understood.
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Summary

Vectorial function of polarized transporting epithelia requires the establishment and
maintenance of a nonrandom distribution of Na,K-ATPase on the cell surface. In
many epithelia, the Na,K-ATPase is located at the basal-lateral domain of the
plasma membrane. The mechanisms involved in the spatial organization of the
Na,K-ATPase in these cells are poorly understood. We have been investigating the
roles of regulated cell-cell contacts and assembly of the membrane-cytoskeleton in
the development of the cell surface polarity of Na,K-ATPase. We have shown that
the Na,K-ATPase colocalizes with distinct components of the membrane-cytoskele-
ton in polarized Madin-Darby canine kidney (MDCK) epithelial cells. Significantly,
we showed directly that Na,K-ATPase is a high affinity binding site for the membrane-
cytoskeletal proteins ankyrin and fodrin, and that all three proteins exist in a high
molecular weight protein complex that also contains the cell adhesion molecule
(CAM) uvomorulin.

We have proposed that these interactions are important in the assembly at sites
of cell-cell contact of the membrane-cytoskeleton, which in turn initiates the
development of the nonrandom distribution of the Na,K-ATPase. To directly
investigate the functional significance of these protein—protein interactions in the
spatial organization of the Na,K-ATPase, we analyzed the distribution of the
Na,K-ATPase in fibroblasts transfected with a cDNA encoding the epithelial CAM,
uvomorulin. Our results showed that expression of uvomorulin is sufficient to induce
a redistribution of Na,K-ATPase from an unrestricted distribution over the entire
cell surface in nontransfected cells to a restricted distribution at sites of uvomorulin-
mediated cell-cell contacts in the transfected cells; this distribution is similar to that
in polarized epithelial cells. This restricted distribution of the Na,K-ATPase oc-
curred in the absence of tight junctions, but coincided with the reorganization of the
membrane-cytoskeleton. These results support a model in which the epithelial CAM
uvomorulin functions as an inducer of cell surface polarity of Na,K-ATPase through
cytoplasmic linkage to the membrane-cytoskeleton.

Background

Many studies of the Na,K-ATPase have focused on the regulation of expression of
subunit genes, the distribution of different subunits in tissues, regulation of subunit
assembly and transport to the cell surface, and the mechanisms involved in enzyme
function (Jgrgensen, 1982, 1991). However, in many of the major organs and tissues
in the body, expression of functional Na,K-ATPase on the cell surface is not
sufficient for normal cellular function. In these polarized epithelial cells, Na,K-
ATPase must be localized to a specific domain of the plasma membrane (reviewed in
Rodriguez-Boulan and Nelson, 1989). In the kidney, individual tubules are com-
posed of a closed monolayer of cells that separate the lumen of the tubule from the
blood supply. These cells are polarized with functionally and structurally different
domains of the plasma membrane facing the lumen and blood supply. The primary
function of these cells is to regulate vectorial transport of ions and solutes from the
lumen of the tubule to the blood supply (Berridge and Oschman, 1972). Paracellular
passage of these ions and solutes between cells is blocked by the tight junction, which
is located at the boundary between the apical and basal-lateral domains of the
plasma membrane (reviewed in Gumbiner, 1987). Transcellular passage of solutes is
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accomplished by ion channels and transporters that are localized to different
domains of the plasma membrane. In the proximal kidney tubule, in which Na*
reabsorption from the ultrafiltrate occurs, Na* channels and cotransporters are
localized in the apical domain of the plasma membrane, where they facilitate uptake
of Na* into the cell. Upon entry into the cell, Na™ is rapidly pumped out into the
blood supply by the Na,K-ATPase, which is localized in the basal-lateral domain of
the plasma membrane. Incorrect localization of the Na,K-ATPase to the apical
plasma membrane is associated with a number of kidney discases; these include
polycystic kidney disease (Wilson and Hreniuk, 1987) and ischemic damage (Molito-
ris et al., 1989). Taken together, these observations suggest that correct localization
of the Na,K-ATPase to the basal-lateral domain of the plasma membrane is critical
for normal cellular function in polarized transporting epithelia.

What is the nature of the mechanisms involved in the localization of the
Na,K-ATPase to the basal-lateral domain of the plasma membrane? In the past few
years, several hypotheses have been proposed: (a) the tight junction acts as a barrier
in the lipid bilayer to the diffusion of membrane proteins between different domains
of the plasma membrane; (b) newly synthesized proteins are targeted to the correct
domain; and (c) proteins are linked to components of the cytoskeleton that retain
them to the specific membrane domain (for detailed reviews, see Simons and Fuller,
1985, and Rodriguez-Boulan and Nelson, 1989).

We have been analyzing the role of the membrane-cytoskeleton in the polarized
localization of the Na,K-ATPase and have obtained evidence for a direct linkage of
the Na,K-ATPase to specific components of the membrane-cytoskeleton. This paper
briefly reviews these results and proposes a working model for the role(s) of the
membrane-cytoskeleton in the establishment and maintenance of the spatial distribu-
tion of the Na,K-ATPase in polarized epithelial cells.

The Membrane-Cytoskeleton

Direct evidence for the interaction of integral membrane proteins with cytoplasmic
structural proteins came initially from studies on the human erythrocyte (reviewed in
Bennett, 1985, and Marchesi, 1985). In reconstitution experiments using purified
proteins, a membrane protein, the anion transporter (band 3), was shown to bind
with high affinity to a cytoplasmic protein, termed ankyrin. Ankyrin in turn was
shown to bind to another cytoplasmic protein termed spectrin, which is composed of
two nonidentical subunits (M, 240,000 and 220,000) that form a tetramer. These
interactions form the basic “unit” of the membrane-cytoskeleton in the human
erythrocyte: an integral membrane protein, the anion transporter, bound to an
ankyrin-spectrin tetramer. These unit complexes are linked together by either direct
interactions between spectrin tetramers, or indirectly through accessory proteins
that include adducin, protein 4.1, and actin oligomers. These protein—protein
interactions result in the formation of a dense protein meshwork that underlies the
cytoplasmic surface of the plasma membrane (Bennett, 1985).

The erythroid membrane-cytoskeleton appears to be important in maintaining
the structural integrity of the erythrocyte during blood circulation. Several anemias
are characterized by the loss of normal expression of different cytoplasmic compo-
nents of the membrane-cytoskeleton (reviewed in Marchesi, 1985). In addition, loss
of expression of these cytoplasmic proteins results in an increase in the mobility of
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the anion transporter in the plane of the lipid bilayer (Scheetz et al., 1980), indicating
that the membrane-cytoskeleton plays a direct role in immobilizing this integral
membrane protein in the membrane.

The role of the erythroid membrane-cytoskeleton in immobilizing integral
membrane protein in the lipid bilayer has important implications for polarized
epithelial cells in which the distribution of membrane proteins is limited to specific
domains of the plasma membrane (see above). Recent studies have shown that
components of the membrane-cytoskeleton are not exclusive to the erythrocyte but
are present in most nonerythroid cells (reviewed in Nelson and Lazarides, 1984, and
Bennett, 1985). Furthermore, these proteins have been shown to have properties
very similar to those of erythrocyte ankyrin and spectrin.

To investigate the possible role(s) of the membrane-cytoskeleton in polarized
epithelial cells, we sought to determine the subcellular distribution of ankyrin and
fodrin (the nonerythroid homologue of erythrocyte spectrin), and whether these
proteins interact with integral membrane proteins. The results have provided the
first evidence for the direct interaction of these membrane-cytoskeletal proteins with
a membrane protein other than the anion transporter, and insight into the mecha-
nisms involved in the establishment of cell surface polarity in epithelial cells.

Distribution and Molecular Composition of the
Membrane-Cytoskeleton in Polarized Epithelial Cells

As a model of polarized epithelial cells, we have used the established cell line MDCK
epithelial cells. These cells have retained many of the properties of polarized
epithelial cells in situ, including the formation of structurally and functionally
distinct apical and basal-lateral domains of the plasma membrane (reviewed in
Simons and Fuller, 1985, and Rodriguez-Boulan and Nelson, 1989).

Antibodies were prepared against ankyrin, fodrin, and the Na,K-ATPase and
used for immunofluorescence microscopy on frozen sections of polarized MDCK
monolayers. Results showed that ankyrin and fodrin colocalized with the Na,K-
ATPase on the basal-lateral domain of the plasma membrane; little or no staining
with any of the antibodies was detected on the apical membrane domain (Nelson and
Veshnock, 1986; Morrow et al., 1989; Nelson et al., 1990). We sought to determine
directly whether interactions between membrane-cytoskeletal proteins and the
Na,K-ATPase occurred that would result in their colocalization in the cell. Given
that in the erythrocyte ankyrin binds to the anion transporter, we sought to
determine whether ankyrin also binds to the Na,K-ATPase (Nelson and Veshnock,
1987a). In vitro reconstitution experiments showed that purified, membrane-bound
Na,K-ATPase has a high affinity binding site for purified ankyrin (K, ~ 107®) as
demonstrated by: (a¢) cosedimentation of the proteins on sucrose gradients, (b)
comigration of the proteins on nondenaturing polyacrylamide gels after extraction
from Na,K-ATPase membranes, and (c) Scatchard analysis of ankyrin binding to
purified Na,K-ATPase membranes (Nelson and Veshnock, 1987a).

The finding that Na,K-ATPase binds with high affinity to ankyrin in vitro raised
the question of whether such interactions occurred in the cell. An important
criterion for an analysis of this problem was that the complexes should be readily
extracted from the cell under nondenaturing conditions. However, initial studies of
the membrane-cytoskeleton in polarized monolayers of MDCK cells showed that
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Na,K-ATPase, ankyrin, and fodrin were relatively resistant to extraction with
isotonic buffers containing the nonionic detergent Triton X-100; these proteins could
be extracted, but only under denaturing conditions that involved the use of ionic
detergents (e.g., SDS), or chaotropic agents (e.g., 1 M KCl, urea), which resulted in
disruption of the protein complexes (Nelson and Veshnock, 1986, 19874, b; Nelson
and Hammerton, 1989). However, we found that before induction of cell—cell contact
these proteins were quantitatively extracted from the cells under nondenaturing
conditions (for details, see Nelson and Hammerton, 1989). In addition, we showed
that preexisting protein complexes present in cells before the induction of cell-cell
contact were used by the cell in the assembly of the membrane-cytoskeleton. These
results indicated that cells grown in the absence of cell-cell contact would be a good
starting point in the search for membrane-cytoskeletal protein complexes (Nelson
and Hammerton, 1989).

Monolayers of MDCK cells grown in the absence of cell-cell contact were
extracted in an isotonic buffer containing Triton X-100, and the solubilized proteins
were fractionated on a sucrose gradient. Analysis of the distribution of ankyrin and
fodrin in the sucrose gradient by Western blotting showed that the proteins cosedi-
mented at ~10.5 S; this region of the gradient contained <5% of the total protein,
which sedimented at ~5 S (Nelson and Hammerton, 1989). Electron microscopy of
the fractions containing ankyrin and fodrin (in collaboration with J. Heuser, Wash-
ington University, St. Louis, MO) showed long, rod-shaped molecules that appeared
very similar to images reported for complexes of ankyrin and fodrin tetramers
reconstituted in vitro from purified proteins. These results were interpreted as
evidence of ankyrin—fodrin complexes in this cell extract that were similar to part of
the basic unit of the membrane-cytoskeleton in the human erythrocyte (see Fig. 1).

We next determined the distribution in the sucrose gradient of Na,K-ATPase.
Using Western blotting, we showed that Na,K-ATPase sedimented at ~10.5 S,
similar to that of the ankyrin—fodrin complex; analysis of the sedimentation of
general plasma membrane proteins that had been labeled on the cell surface with I
showed that >95% of those proteins sedimented at ~5 S (Nelson and Hammerton,
1989). To investigate whether Na,K-ATPase, ankyrin, and fodrin were cosediment-
ing as a protein complex, we separated the relevant sucrose gradient fractions in a
nondenaturing polyacrylamide gel. Staining the resulting gel with India ink to show
the distribution of all proteins revealed the presence of two bands. Western blot
analysis revealed that ankyrin and fodrin were present in both protein bands, but that
Na,K-ATPase was present only in the slower migrating band. Comparison of the
electrophoretic mobility of these protein bands with that of purified fodrin tetramers
showed that the bands containing either ankyrin—fodrin or ankyrin-fodrin-Na,K-
ATPase had a slower mobility than that of purified fodrin (Nelson and Hammerton,
1989). The slower mobility of both of these bands compared with that of purified
fodrin tetramers is consistent with our interpretation of the structures observed in
the electron microscope as being ankyrin—fodrin tetramer complexes (see above).

We conclude from this analysis that two types of membrane-cytoskeletal com-
plex were extracted from MDCK cells; one comprised an ankyrin—fodrin tetramer
complex, and the other comprised an ankyrin—fodrin—-Na,K-ATPase complex. Taken
together with the in vitro binding experiments (see above), these results provide
direct evidence for an interaction between an integral membrane protein, the
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Na,K-ATPase, and a cytoplasmic protein complex comprising the ankyrin—fodrin
tetramer. Significantly, the molecular composition of this membrane-cytoskeleton
complex is similar to that described in human erythrocytes, indicating that a similar
basic unit of the membrane-cytoskeleton also exists in these nonerythroid cells

(Fig. 1).
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Figure 1. Identification of a membrane cytoskeletal complex in polarized epithelial cells and
its role in the spatial organization of the Na,K-ATPase. Evidence from in vitro binding studies
and the isolation of protein complexes from whole cells indicates that membrane-cytoskeletal
complexes between Na,K-ATPase, ankyrin, and fodrin tetramers exist in polarized epithelial
cells. These complexes have the same stoichiometry as the basic repeat (unit) structure of the
erythrocyte membrane-cytoskeleton. We propose that these unit complexes have a random
distribution on the plasma membrane before the induction of cell-cell contact. Celi—cell
contact results in an aggregation of unit complexes into “[unit],”. Since the CAM uvomorulin
is also a component of the membrane-cytoskeleton, we suggest that this aggregation event is
initiated by cell-cell contact in a manner similar to the patching of cell surface receptors that
occurs in other cells in response to addition of a ligand. Due to the differential stabilization of
these assembled membrane-cytoskeletal complexes at cell-cell contacts relative to units
stranded in the forming apical membrane, there is a gradual accumulation of proteins at the
forming basal-lateral membrane domain (we have directly measured increases in the
metabolic stability and insolubility of the membrane-cytoskeleton as a function of cell—cell
contact). This results in the development of the characteristic spatial distribution of the
membrane-cytoskeleton and the Na,K-ATPase in polarized epithelial cells (see text for
details).

What Is the Function of the Membrane-Cytoskeleton in
Polarized Epithelial Cells?
We predict that the membrane-cytoskeleton has several functions in polarized

epithelial cells based on knowledge of the function of these proteins in erythrocytes
(see above), and from analysis of these proteins in polarized epithelial cells: (@) a
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role in maintaining protein distributions in different membrane domains, and (b) a
role in establishing membrane domains during the development of epithelial polar-

ity.

Inhibition of Protein Diffusion and Maintenance of the Protein Specificity
of Membrane Domains

Integration of membrane proteins with the cytoskeleton is thought to result in the
immobilization of those proteins in the plane of the lipid bilayer. In polarized
epithelial cells, immobilization of membrane proteins is likely to be important in the
regulation of distinct protein compositions of functionally different membrane
domains. Proteins targeted to the appropriate membrane domain could, through
linkage to the underlying cytoskeleton, be constrained from lateral diffusion in the
plane of the lipid bilayer. Indeed, recent studies have shown that integral membrane
proteins that were targeted to the correct membrane domain in polarized MDCK
cells exhibited decreased mobility in the plane of the lipid bilayer and were relatively
resistant to extraction with buffers containing Triton X-100 (Salas et al., 1988).

Earlier studies also sought to examine the lateral mobility of the Na,K-ATPase
in cultures of MDCK cells (Jesaitis and Yguerabide, 1986). It was reported that the
Na,K-ATPase exhibited little or no difference in lateral mobility between small and
large colonies of cells. However, it is noteworthy in interpreting this result that our
previous studies have shown that the Na,K-ATPase, ankyrin, and fodrin are not fully
organized into the membrane-cytoskeleton until full confluency of the culture is
attained (Nelson and Veshnock, 1986). Thus, while it is possible that the membrane-
cytoskeleton plays a role in the maintenance of membrane protein organization in
the cell, direct evidence in nonerythroid cells has not yet been obtained.

Role in the Establishment of Membrane Domains in Polarized
Epithelial Cells

The results from several types of experiments indicate that the site of assembly of the
membrane-cytoskeleton on the plasma membrane has an important role in initiating
a remodeling of the cell surface distribution of certain integral membrane proteins
(Nelson and Veshnock, 1986, 1987b; Nelson et al., 1990). First, indirect immunoflu-
orescence microscopy showed that before the induction of cell—cell contact, ankyrin,
fodrin, and several integral membrane proteins (e.g., Na,K-ATPase and the CAM
uvomorulin [see below]) were distributed over the whole cell surface and were
relatively easily extracted from the cell with Triton X-100. However, within a short
time after induction of cell-cell contact (5-15 min) a portion of these proteins
became localized to the zones of cell—cell contact and this portion had also become
resistant to extraction with Triton X-100. We interpreted these changes in the
properties and distributions of these proteins as evidence of the assembly of the
membrane-cytoskeleton at those sites on the plasma membrane. Second, we showed
that these changes in the distribution and properties of the proteins occurred in the
presence of cyclohexamide, which inhibits protein synthesis, indicating that the
membrane-cytoskeleton was being assembled from preexisting proteins (Nelson and
Veshnock, 1987b). Third, the analysis of the molecular composition of the membrane-
cytoskeleton in MDCK cells was carried out on cells grown in the absence of cell—cell
contact when the membrane-cytoskeleton had not assembled into a Triton X-100-
insoluble complex. Under these conditions, we detected a protein complex compris-
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ing ankyrin—fodrin tetramers and Na,K-ATPase, which, presumably, is representa-
tive of one of the classes of preexisting protein complex that becomes assembled into
the membrane-cytoskeleton upon induction of cell—cell contact. Fourth, we have
shown that the CAM uvomorulin is present in a complex together with ankyrin—
fodrin tetramers (Nelson et al., 1990); this analysis also involved separation of
proteins solubilized from MDCK cells in sucrose gradients and nondenaturing
polyacrylamide gels as described above for analyzing cell extracts for complexes
comprising ankyrin-fodrin—Na,K-ATPase (see above).

These results show that the basic repeating unit of the membrane-cytoskeleton,
namely an ankyrin—fodrin tetramer bound to a membrane protein (in this case,
Na,K-ATPase or uvomorulin), exists in whole MDCK cells before the induction of
cell—ell contact, and that cell-cell contact results in the assembly of these complexes
into an insoluble matrix at those contact sites. We propose that it is the assembly of
the membrane-cytoskeleton at sites of cell-cell contact that initiates the remodeling
of the cell surface distribution of membrane proteins, such that within a short period
of time proteins bound to the membrane-cytoskeleton (e.g., Na,K-ATPase and
uvomorulin) begin to accumulate at those sites (Fig. 1). The increased concentration
of these proteins at those sites might cause an increase in the insolubility and
metabolic stability of component proteins, properties that we have directly measured
in these proteins as a consequence of the induction of cell-cell contact.

What happens to the same proteins that are trapped in the forming apical
membrane domain after induction of cell-cell contact? Since there is no cell—cell
contact on that membrane domain we predict that those components of the mem-
brane-cytoskeleton trapped there would not be induced to aggregate into an insolu-
ble protein matrix. Rather, we expect that those proteins remain as metabolically
unstable unit complexes that are simply removed from the apical membrane by
normal protein degradative pathways (Fig. 1). It remains a possibility that those
proteins are internalized and redirected to the basal-lateral membrane, but the
evidence for endogenous membrane proteins taking this pathway is not strong.
Furthermore, the rapid formation of the tight junction upon induction of cell-cell
contact would block simple diffusion of proteins from the apical to the basal-lateral
membrane (reviewed in Gumbiner, 1987).

We propose that the apparent redistribution of certain proteins (e.g., Na,K-
ATPase) to the basal-lateral membrane is due to their differential stability and
hence accumulation at cell-cell contacts as a result of the assembly there of the
membrane-cytoskeleton, and that the assembly of the cytoskeleton itself is initiated
by the CAM uvomorulin. Uvomorulin-dependent cell adhesion is the result of
homotypic interactions between uvomorulin molecules on adjacent cells. It is possi-
ble that this interaction acts like a ligand-receptor complex to induce a localized
“patching” (Bourguignon and Bourguignon, 1984). This patching event may be
facilitated by localized assembly on the membrane-cytoskeleton. In this regard it is
noteworthy that fodrin has been shown to “co-patch” with ligand-receptor com-
plexes in lymphocytes (Nelson et al., 1983).

This proposed role of the CAM uvomorulin as an inducer of the assembly of the
membrane-cytoskeleton and associated membrane proteins at sites of cell-cell
contact has been directly tested in recent studies from this laboratory (McNeill et al.,
1990). The rationale for these experiments was to analyze the consequences of the
expression of uvomorulin on the cell surface distribution of Na,K-ATPase and the
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membrane-cytoskeleton. Since uvomorulin expression is restricted to epithelial cells,
we investigated this problem in fibroblasts (mouse L cells), which constitutively
express ankyrin, fodrin, and Na,K-ATPase, but not uvomorulin; expression of the
latter was induced by expression of exogenous uvomorulin cDNA in the cells.

A Test of the Function of the CAM Uvomorulin as an Inducer of
Cell Surface Polarity of the Na,K-ATPase

Analysis of L cells expressing full-length uvomorulin showed that the cells formed
tight colonies similar to those formed by epithelial cells (see also Nagafuchi et al.,
1987; Mege et al., 1988; Ozawa et al., 1989). Immunofluorescence microscopy
revealed that uvomorulin, Na,K-ATPase, and fodrin were localized to cell—cell
contacts in a pattern indistinguishable from that in polarized epithelial cells; other
proteins that were analyzed did not show a correlation between expression of
uvomorulin and their cell surface distribution (for details, see McNeill et al., 1990).
That there is a cytoplasmic link between uvomorulin and Na,K-ATPase, possibly
through the membrane-cytoskeleton, was shown in a parallel series of experiments in
which L cells were transfected with cDNAs encoding truncated uvomorulin mole-
cules; these truncations comprised 32 or 72 amino acids from the COOH-terminal
cytoplasmic domain of uvomorulin (Ozawa et al., 1989). Under these conditions, we
found that redistribution of uvomorulin, fodrin, and Na,K-ATPase did not occur
upon induction of cell-cell contact. We interpreted this result as a loss in cytoplasmic
linkage between uvomorulin and the Na,K-ATPase due to deletion of the binding
site on the cytoplasmic domain of uvomorulin to the cytoskeleton (see McNeill et al.,
1990).

Although these results are consistent with the hypothesis that linkage of
Na,K-ATPase and uvomorulin through the membrane-cytoskeleton plays a role in
the spatial organization of these membrane proteins in the cell, we sought to
determine whether the tight junction also plays a role in the redistribution of these
proteins in transfected L cells. We showed that tight junctions are not expressed in
these cells (for details, see McNeill et al., 1990); therefore, the establishment and
maintenance of the polarized distribution of uvomorulin and the Na,K-ATPase in
these cells occurred independently of the presence of tight junctions.

Conclusions

These results demonstrate that the epithelial CAM uvomorulin plays a direct role as
an inducer of the reorganization and cell surface polarity of the Na,K-ATPase and
perhaps other membrane proteins linked through the membrane-cytoskeleton. We
suggest that the induction of cell surface polarity of constitutively expressed proteins,
such as the Na,K-ATPase, by uvomorulin-mediated cell-cell contacts, in combina-
tion with the de novo formation of specialized components of the apical surface, is an
integral part of the structural and functional remodeling of the cell surface in the
development of the polarized epithelial cell. Once cell polarity has been established,
and as proteins are turned over in the membrane, they are replaced by newly
synthesized proteins that are targeted to the appropriate domain from the Golgi
complex.
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Introduction

The H,K-ATPase is a membrane-associated enzyme that is expressed in parietal cells
of the gastric mucosa. H,K-ATPase couples the electroneutral exchange of extracel-
lular K* and intracellular H" to the hydrolysis of ATP, thus providing the driving
force for HCl secretion into the stomach. The enzyme has been shown to consist of a
major polypeptide component that contains the catalytic site for ATP hydrolysis
(Farley and Faller, 1985) and whose primary sequence is highly homologous to that
of the Na,K-ATPase a-subunit (Shull and Lingrel, 1986). The Na,K-ATPase con-
tains, in addition to the a-subunit, a glycosylated B-subunit which is required for
proper functioning of the enzyme. However, the existence of a B-subunit for the
gastric H,K-ATPase has not been clearly established.

We have identified an abundant microsomal glycoprotein (gp 60-80) which is
found in H,K-ATPase-containing membranes and which shares several structural
features with the Na,K-ATPase B-subunit (Okamoto et al., 1990). First, lectin affinity
chromatography and immunoprecipitation reveal a tight association between the
H,K-ATPase catalytic subunit and gp 60-80. Second, treatment of gp 60-80 with
N-glycanase F results in a core protein of ~32 kD, a size similar to that of
Na,K-ATPase B-subunits (Shyjan et al., 1990). Third, like the Na,K-ATPase -sub-
unit, gp 60-80 is associated with the cell membrane and contains a number of
N-linked carbohydrates. These similarities with Na,K-ATPase p-subunits make gp
60-80 a likely candidate for a p-like subunit of the H,K-ATPase.

To further characterize the glycoprotein component of the H,K-ATPase, we
have isolated cDNA clones encoding gp 60-80 from a rat stomach cDNA library. The
amino acid sequence deduced from the cDNA reveals a polypeptide remarkably
similar to Na,K-ATPase B-subunits and confirms the view that gp 60-80 is the
B-subunit of the H K-ATPase. The availability of a cloned cDNA for the H K-
ATPase $-subunit has allowed us to analyze several features of the B-subunit gene
including (a) its tissue-specific pattern of expression, (b) its chromosomal location,
and (c) its genomic organization. These studies demonstrate the applicability of a
molecular approach for elucidating control mechanisms involved in H,K-ATPase
expression and enzymatic activity.

Results
Isolation of Rat Gastric H,K-ATPase pB-Subunit cDNA Clones

We used two complementary approaches to isolate cDNAs encoding the H,K-
ATPase B-subunit. First, a monoclonal antibody raised against rabbit gp 60-80 was
used to screen a bovine abomasum Agtll cDNA library. Using this approach, we
identified an antibody-reactive recombinant phage clone containing a cDNA insert
encoding a portion of gp 60-80. Second, primers based on sequences obtained from
the bovine cDNA and cyanogen bromide fragments of porcine gp 60-80 (Canfield et
al., 1990) were used to amplify a fragment of rat stomach gp 60-80 cDNA using
polymerase chain reaction (PCR) and the rapid amplification of cDNA ends
(RACE) procedure (Frohman et al., 1988). The PCR-generated cDNA was then
used to screen a rat stomach cDNA library, and five full-length ¢cDNA clones were
isolated and characterized.
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Structure of the H,K-ATPase p-Subunit and Relationship to Na,K-ATPase
B-Subunits

The complete amino acid sequence of the rat gastric H,K-ATPase B-subunit (HKB)
is shown in Fig. 1. The protein consists of 294 amino acids with a predicted molecular
weight of 33,689. Hydropathy analysis (Canfield et al., 1990) indicates that the
protein contains a polar cytoplasmic amino terminus followed by a single transmem-
brane domain of 27 amino acids and a 228-residue-long extracellular carboxyl-
terminal domain. When the amino acid sequence of the protein was compared with
all sequences currently in the National Biomedical Research Foundation database,
the H,K-ATPase B-subunit showed significant similarity only to Na,K-ATPase

. . . . 50 .
HKP MAALQEKKSESQRMAEFRQYEWNPDTGQMLGRTPARWVWISLYYAAFYVVMTGLFAL!IYVLMQTI 66
NakKPpl MARGKAKEEGS----- WKKFIWNSEKKEFLGRTGGSWFKILLFYVIFYGELAGIFIGTIQVMLLTI 61

NaKﬁZ MVIQKEKKS!GQVVEEWKEFVWNPRTHQFMGRTGTSWAFILLFYLVFYGFLTAMFTLTMWVMLQTV 66

. . . 100 .
HKPB DEYTPDYQDQLKSPGVTILRPDVYGERGLOQISYNISENSSWAGLTHTLHSFLAGYTPASQQDSIN-- 130
NakPp1l SELKPTYQDRVAPPGLTQIPQI-—--QKTEISFRPNDPKSYEAYVLNIIRFLEKY-~--~ KDS-~-aQ 117
NaKBZ SDHTPKYQDRLATPGLMIRPKT-~-ENLDVIVNISDTESWDQHVQKLNKFLEPY-~-=~-- NDSIQAQ 124

. 150 . . .
HKB  -------- CSSEKYFFQETFSAP——EHTKFSCKFTADMLQHCSGLVDPS—FGFEEGKPCFIIKMNR 185
Nakf1l KDDMIFED|CIGSMPSEPKERGEFNHERGERKV|CRFKLDWLGN|C[SGLNDES-YGYKEGKP|ICIITIKLNR 182

Nakp2 KNDV----|CRPGRYYEQPDNGVL--NYPKRACIQFNRTQLGNIC|[SGIGDPTHYGYSTGQP|GVF IKMNR 184

- 200 . . -
HKP IVKFLPSNNTAPR--~~-—-—-—————-—=~= VDIC|TFQDDPOKPRKDIEPL-QVQYYPPNG--TFSLHY 232
NaKPl MLGFKPKPPKNESLETYPLTMKYNPNVLPVQCTGKRDE----~ DKDKVGNIEYFGMGGFYGFPLQY 243
NaKf2 VINFYAGA--NQSMN--—------------ VTICIVGKKDE - -~ -~ DAENLGHFIMFPANG--NIDLMY 227

. 250 . . . .
HKP FPYYGKKAQPHYSNPLVAAKFLNVPKNTQVLIVICKIMADHVTFDNPHDPYEGKVEFKLTIQK 294
NaKP1 YPYYGKLLQPKYLQPLLAVQFTﬁLTLDTEIRIECKAYGENIGY—SEKDRFQGRFDVKIEV—KS 304
NakKB2 FPYYGKKFHVEYTQPLVAVKFLEVTPNVEVNVECRINAANIATDDERDKFABRVAFKLRINKA 290

Figure 1. Amino acid sequences of H,K-ATPase and Na,K-ATPase B-subunits. The deduced
amino acid sequence of the rat H,K-ATPase B-subunit (HKB, top line) was aligned with those
of the rat Na,K-ATPase B1-(NaKBIl, middle line) and P2-(NaKPB2, bottom line) subunits.
Dashes in the sequence allow optimal alignment for amino acid insertions/deletions. Cysteine
residues are boxed; asparagine residues that are possible sites for N-linked glycosylation are
underlined. The H,K-ATPase 3-subunit sequence is numbered above, whereas amino acids
for all three B-subunits are numbered on the right.

B-subunit isoforms. A comparison of the amino acid sequence of the rat H,K-
ATPase B-subunit with the rat Na,K-ATPase p1- (Mercer et al., 1986) and B2-
(Martin-Vasallo et al., 1989) subunits is presented in Fig. 1. Dashes in the sequences
allow optimal alignment for amino acid insertions and/or deletions. Cysteine resi-
dues are enclosed in boxes, and sites for potential N-linked glycosylation are
underlined. The amino acid sequence of the rat H K-ATPase B-subunit exhibits 41%
identity with the rat Na,K-ATPase P2-subunit and 35% identity with the rat
B1-subunit. A putative transmembrane segment is located between residues 40 and
66 in the H,K-ATPase p-subunit and 40 and 67 in the Na,K-ATPase B2-subunit. This
region is highly conserved between the two proteins. Of the 27 amino acid residues
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compared, 11 are identical and 9 represent conservative substitutions. There are six
cysteine residues within the presumed extracellular domain of the H,K-ATPase
B-subunit (positions 131, 152, 162, 178, 201, and 266). In the computer-aligned
sequences, these cysteine residues appear to be highly conserved among the H,K-
ATPase and Na,K-ATPase B-subunits. These residues could play an important role
in maintaining B-subunit structure, possibly forming several folded subdomains each
cross-linked by disulfide bonds.

As shown in Fig. 1, there are seven potential sites for N-linked glycosylation in
the rat H,K-ATPase B-subunit, seven in the rat Na,K-ATPase B2-subunit, and three
in the B1-subunit polypeptide. One of the predicted N-linked glycosylation sites in
the H,K-ATPase B-subunit (Asn,,) is exactly conserved relative to one of the
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Figure 2. Expression of H K-ATPase
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18S —

predicted N-linked glycosylation sites found in the rat 81- and B2-subunits, whereas
a second (Asn,,;, ) is located three residues from a predicted N-linked glycosylation
site that is conserved between the B1- and $2-subunits. A third asparagine residue
(Asn,y,) is exactly conserved relative to an N-linked glycosylation site found in the rat
B2-subunit, while a fourth asparagine residue (Asn,, ) is exactly conserved relative to
the position of an N-linked glycosylation site conserved between the P1- and
2-subunits. However, Asn,, is not contained within a consensus glycosylation
sequence. Amino acid sequence analysis of deglycosylated H,K-ATPase B-subunits
(Canfield et al., 1990; Forte, J. G., C. T. Okamoto, D. Chow, V. A. Canfield, and R.
Levenson, unpublished observations) reveals that aspartate is present in positions
193 and 225 instead of asparagine residues predicted from the cDNA sequence.
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Since deglycosylation with N-glycanase F deaminates asparagine to aspartic acid
(while releasing oligosaccharide), we conclude that Asn,,, and Asn,,, are likely to be
glycosylated in situ. Together, the structural similarities between H,K- and Na,K-
ATPase B-subunits strongly indicate that these polypeptides evolved from a common
ancestral gene and comprise a family of related P-type ion transport protein
subunits.

Tissue-specific Expression of the H,K-ATPase -Subunit

To analyze expression of the H,K-ATPase B-subunit gene, B-subunit cDNA was
hybridized to an RNA transfer blot containing rat tissue RNA. The results are shown
in Fig. 2. Of the rat tissues analyzed (brain, heart, lung, kidney, liver, spleen, and
stomach), B-subunit mRNA was detected only in stomach. The B-subunit gene
appears to encode two transcripts, ~ 1.7 and 3.7 kb in size. The 1.7-kb transcript is

Figure 3. Western blot analysis of
H,K-ATPase B-subunit distribution.
Crude microsomal membrane frac-
tions were prepared from rat tissues.
Solubilized membrane proteins (80
pg/lane) were fractionated by electro-
phoresis through an SDS-containing
. ]60-80 10% polyacrylamide gel, transferred

to a nitrocellulose filter, and probed
with an anti-gp 60-80 monoclonal
antibody. The apparent molecular
weight of the glycosylated H,K-ATP-
ase B-subunit is indicated at the right.

. BRAIN

' HEART
 KIDNEY
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the predominant mRNA species and is ~20-fold more abundant than the 3.7-kb
transcript. We do not yet know whether the two B-subunit mRNAs arise from
differential splicing, utilization of alternative polyadenylation signals, or if the larger
transcript represents an unprocessed nuclear precursor.

To determine the tissue distribution of H,K-ATPase B-subunit polypeptides, we
probed a Western blot of rat microsomal membrane fractions with the H,K-ATPase
B-subunit monoclonal antibody. As shown in Fig. 3, the antibody reacted with a
broad band of ~60 to ~80 kD in rat stomach. In contrast, no B-subunits were
detectable in kidney, brain, and heart. These results suggest that the H,K-ATPase
B-subunit is expressed exclusively in stomach. In addition, we have found that the
H,K-ATPase B-subunit is expressed in the stomach of a wide variety of animal
species including rat, rabbit, hog, cow, mouse (Canfield et al., 1990), and frog
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(Beesley and Forte, 1973). These results are consistent with the view that the
B-subunit is expressed in all vertebrates capable of gastric HCI secretion.

Chromosomal Localization and Organization of the H,K-ATPase
B-Subunit Gene

We have used segregation of restriction fragment length polymorphisms (RFLPs)
among recombinant inbred strains of mice to identify the chromosomal location of
the mouse gene (Afp4b) encoding the gastric H, K-ATPase B-subunit. As shown in
Fig. 4, mouse genomic B-subunit DNA sequences were identified by hybridizing
Southern blots of Taq I-digested mouse DNA with B-subunit cDNA as probe. This
probe hybridizes to three major genomic fragments, 5.0, 3.2, and 2.4 kb long. The
3.2-kb fragment is common to the six strains of mice tested, whereas the 5.0-kb
fragment is specific to strains 1, 2, 3, 4, and 6 and the 2.4-kb fragment is specific to
strain 5. Analysis of the strain distribution pattern of 2/5 recombinant mouse strains
(Canfield et al., 1990) reveals linkage of the B-subunit gene with chromosome 8

12 3 456

9.4 Figure 4. Restriction fragment length
polymorphism for the H,K-ATPase
6.6 B-subunit. Genomic DNA was pre-

pared from six inbred mouse strains.
Genomic DNA was digested to com-
pletion with Taq I, separated on a 1%
agarose gel, blotted onto a hybridiza-
tion membrane, and probed with H,K-
ATPase B-subunit cDNA. Positions
of DNA size markers are shown at
the left. Arrows indicate the position
of polymorphic hybridizing DNA frag-
ments.

markers (Table I). Previous chromosome mapping experiments have demonstrated
that the Na,K-ATPase B1- and B2-subunit genes are located on murine chromo-
somes 1 and 11, respectively (assignments of all H,K- and Na,K-ATPase subunit
genes are presented in Table I). The genomic distribution of H,K-ATPase and
Na,K-ATPase p3-subunit genes indicates that they form a multigene family. Chromo-
somal mapping of the B-subunit genes reveals their dispersion in the murine genome;
therefore, the existence of a common cis-acting mechanism regulating expression of
the B-subunit genes is ruled out.

The isolation of genomic sequences overlapping the H,K-ATPase B-subunit
gene would permit the analysis of putative cis- and trans-acting elements participat-
ing in the regulation of parietal cell-specific expression of the B-subunit gene.
Further, elucidation of the genomic organization of the B-subunit gene would permit
an analysis of the evolutionary history of a gene that shares considerable sequence
homology with a group of genes that participate in related yet distinct transport
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TABLE I

Chromosomal Assignment of H,K- and Na,K-ATPase Genes
ATPase Mouse Mouse Linked

. . Reference
subunit locus  chromosome loci
NaKal Awplal 3 Egf Kent et al., 1987
NaKa2 Atpla2 1 Spna-1 Kent et al., 1987
Fcelo, Sap, Crp Kingsmore et al., 1989

Na,Ka3 Awpla3 7 P-450b/Coh Kent et al., 1987
HKa Atp4a*  Unknown
Na, KBl Atplbl 1 Spna-1 Kent et al., 1987
Na,KB2 Awplb2 11 Zfp3-1, Asgr-1/2, Akv-4, Evi-2 Malo et al., 1990
H,K B Atp4b 8 Xmv-26, Xmv-12 Canfield et al., 1990

Descriptions of loci are as follows: Egf, epidermal growth factor; Spna-1, a spectrin; Fcela, Fc
receptor for IgE; Sap, serum amyloid P-component; Crp, C-reactive protein; P450b/Coh,
coumarin hydroxylase; Zfp3, zinc finger protein; Asgr-1/2, asialoglycoprotein receptor; Akr-4,
Evi-1, ecotropic proviruses; Xmv-12, Xmv-26, xenotropic leukemia proviruses.

*Reserved name.

properties. To isolate the H,K-ATPase B-subunit gene, a full-length rat H,K-ATPase
B-subunit cDNA was used as a probe to identify mouse H,K-ATPase B-subunit
clones in a pWE1S cosmid library constructed with genomic DNA from Balb/3T3
fibroblasts. A restriction map of the ~ 40-kb genomic DNA domain encompassed by
the inserts of three cosmid clones is shown in Fig. 5. Exon/intron boundaries were
established by DNA sequence comparison of cDNA and genomic subclones. The
schematic map shows that the gene spans ~12 kb of genomic DNA consisting of
~11.1 kb of intervening sequences and ~0.9 kb of coding sequences. The gene is
interrupted by six introns ranging in size from 150 bp to 3 kb, while the length of the
seven exons varies from 57 to 560 bp. Exon 1 contains the first 175 untranslated
nucleotides at the 5’ end of the gene, the ATG translation initiation codon, and the
first 112 nucleotides of coding sequence corresponding to the amino-terminal
intracellular domain of the B-subunit protein. Exon 2 contains sequences encoding
the putative transmembrane domain. Exons 3—7 encode the entire carboxyl-terminal
extracellular domain. Exon 7 contains the last 159 nucleotides of coding sequence,

4 2 0 2 4 6 3 10 12 14
yau L 1 | 1 1 1 Il 1 1
4
kb
B R R H BH B H HR R B
_/201I ] ] L 11 ] 1 1 1
kb /
o I m 1 1 O
1 2 34 5 6 7

Figure 5. Physical map of the mouse H,K-ATPase B-subunit gene. The structure of the
H,K-ATPase B-subunit gene is schematically represented. Exons are represented by boxes
(numbered 1-7). Solid boxes contain coding sequence; open boxes represent untranslated
regions. The direction of transcription is from left to right. The scale (every 2 kb) is shown
above the gene. Recognition sites for restriction enzymes are designated by single letters. B,
Bam HI; R, Eco RI; H, Hind III.




96 The Sodium Pump: Structure, Mechanism, and Regulation

the translation stop codon, and ~400 bp of 3’ untranslated nucleotides. In aggre-
gate, the cosmid clones contain >20 kb of sequence flanking the 5’ end of the
B-subunit gene. The availability of these cosmid clones thus provides a basis for the
identification and characterization of control elements mediating the tissue-specific
expression of the B-subunit gene.

Conclusions and Discussion

The isolation of cDNA clones for the B-subunit of the gastric H,K-ATPase reveals a
polypeptide that is remarkably similar to Na,K-ATPase (-subunit isoforms. The rat
H,K-ATPase B-subunit exhibits 41% amino acid sequence identity to the rat
Na,K-ATPase B2-subunit and, like Na,K-ATPase B-subunits, contains a short intra-
cellular amino-terminal domain, a single transmembrane segment, and a large
extracellular carboxyl-terminal domain containing multiple sites for N-linked glyco-
sylation. Our results suggest that the H,K- and Na,K-ATPase B-subunit genes
comprise a multigene family. Chromosomal mapping studies show that the H K-
ATPase B-subunit gene is located on mouse chromosome 8, the Na,K-ATPase
B1-subunit gene resides on mouse chromosome 1, and the B2-subunit gene maps to
mouse chromosome 11. Dispersion of the 3-subunit genes argues in favor of the idea
that the polypeptide encoded by each gene may have properties selected in response
to different physiological demands. Genomic clones encompassing the coding and 5’
flanking regions of the mouse H,K-ATPase B-subunit gene have been isolated and
characterized. The gene is composed of seven exons and spans ~ 12 kb of genomic
DNA. Analysis of the 5’ flanking sequence should provide insight into control
elements that regulate the cell-specific expression of the H,K-ATPase B-subunit
gene.

Identification of the gene for the gastric H,K-ATPase B-subunit raises a number
of intriguing questions. Is it possible for the H,K-ATPase B-subunit to associate with
the Na,K-ATPase a-subunit (and vice versa), and if so, to produce a molecule with
enzymatic activity? Both H,K-ATPase and Na,K-ATPase are expressed in the
parietal cell. However, H,K-ATPase is sorted to the tubulovesicular membrane
compartment, while Na,K-ATPase is targeted to the basolateral domain. Distribu-
tion of H,K-ATPase and Na,K-ATPase activities to separate membrane compart-
ments suggests that there may be regulatory elements that govern the specific
association of H,K- and Na,K-ATPase B-subunits with their respective a-subunits. It
should be pointed out, however, that parietal cells express the Na,K-ATPase
31-subunit isoform, and the H,K-ATPase B-subunit exhibits greater sequence simi-
larity to the Na,K-ATPase B2-subunit than to the B1l-subunit. This raises the
possibility that the H,K-ATPase B-subunit might be capable of substituting for the
Na,K-ATPase B2-subunit, especially in situations in which B-subunit expression is
required to maintain cellular viability. The ability to specifically “knock out”
B2-subunit gene expression, then rescue a cell via introduction of the cloned
H,K-ATPase B-subunit gene could provide an approach for addressing this question.

It will clearly be of interest to determine how the sequence of each B-subunit
leads to specificity regarding interaction with the H,K- or Na,K-ATPase a-subunit.
The construction and expression of chimeric cDNA molecules between H,K-ATPase
and Na,K-ATPase -subunit cDNAs should permit identification of sites within a
given B-subunit that interact with the corresponding a-subunit. This type of ap-




Cloning of the H, K-ATPase B-Subunit 97

proach should also be useful for identifying other functional domains within the H,K-
and Na,K-ATPase B-subunits. A further issue that should be raised in this context is
the elucidation of the function of the B-subunit for H,K- or Na,K-ATPase activity. It
will clearly be of interest to determine if expression of H,K/Na,K B-subunit chimeras
affects the biochemical and/or enzymatic properties of H,K- or Na,K-ATPases.

Our data indicate that the H,K-ATPase B-subunit is expressed exclusively in the
stomach of a wide variety of mammalian species. What factors govern the tissue-
specific expression of the H,K-ATPase B-subunit gene? Isolation of genomic DNA
sequences encompassing the B-subunit gene provides a framework for addressing
this question. For example, testing the transcriptional activities of 5’ deletion
fragments from the promoter (linked to a reporter gene) in cultured parietal cells
should permit us to define cis-acting elements implicated in transcriptional regula-
tion of the mouse H,K-ATPase B-subunit gene.

Characterization of positive (and negative) cis-acting 5' regulatory elements
would provide a basis for the identification and analysis of frans-acting factors
mediating stomach-specific expression of the B-subunit gene. Elucidation of this
mechanism could have important implications for understanding H,K-ATPase bio-
genesis in particular, and stomach physiology in general.
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Introduction

Current ideas on the mechanism of such a complex biological machine as the active
transport system for cations are still primitive. Evidently, to understand the molecu-
lar events that underlie coupled ATP hydrolysis, energy transduction, and cation
transport, thorough knowledge of the three-dimensional structure of the NaK-
ATPase molecule and the dynamics of its changes is absolutely necessary. As first
steps in this direction, a combination of various experimental approaches has been
used in our laboratory to obtain specific information on spatial localization of certain
structural elements of the subunit polypeptide chains and to localize components of
the ATP-hydrolyzing center and other functional domains.

This paper consists of two parts. The first briefly summarizes the earlier
published data on the Na,K-ATPase structural organization. The second considers
in detail the current status of spatial structure analysis of the intramembrane
portions of the sodium pump, directed toward identification of the protein regions
involved in the formation of ion-conducting pathways and establishment of their
spatial relationships.

Transmembrane Arrangement of Polypeptide Chains

Determination of a complete primary structure of Na,K*-ATPases from diverse
sources (Kawakami et al., 1985; Ovchinnikov et al., 1985a, 1986b; Shull et al., 1985,
1986; Noguchi et al., 1986) initiated a new stage in studying the molecular organiza-
tion of the enzyme. A first urgent task is to reliably identify exposed and intramem-
brane domains; i.e., to design a two-dimensional scheme for the transmembrane
protein folding.

To reveal extramembrane regions of the enzyme molecule we developed a
procedure of stepwise limited trypsinolysis of the native membrane-bound Na,K-
ATPase. This assumes that the intramembrane moiety is protected against protease
attack by the lipid environment. A single hydrolysis under certain conditions
provided exhaustive digestion of exposed regions of the a-subunit with complete
retention of glycoprotein integrity. Before the second step of trypsinolysis, to
overcome the B-subunit resistance to proteolysis, its disulfide bonds were reduced by
B-mercaptoethanol treatment. The results of detailed structural analysis of water-
soluble peptides isolated from both hydrolyzates (in total ~600 and 180 amino acid
residues of a- and B-subunits, respectively) provided evidence of the extramembrane
localization of the corresponding regions of the polypeptide chains. This enabled us
to propose a scheme for subunit folding in the plasma membrane. According to the
model, a- and B-subunits have seven and one transmembrane segments, respectively.
So amino- and carboxy-termini of both polypeptides are situated on opposite sides of
the membrane (Ovchinnikov et al., 19854, 1986b, 1987a).

Immunochemical analysis was the first method used to test this model. The
proposed spatial disposition of the hydrophilic loops linking membrane segments V,
VI, and VII of the catalytic subunit was tested using monoclonal antibodies IIC, and
Vg,, which recognize the corresponding amino acid sequences, upon immunofluores-
cent analysis of viable cells or smears of a pig kidney embryonic (PKE) cell line
(Modyanov et al., 1987; Ovchinnikov et al., 1988b). The extracellular orientation of
the COOH-terminal region of the a-subunit was confirmed using affinity purified
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antibodies (a-p999) to the synthetic peptide of the corresponding sequence. The
presence of the a-p999 epitope on the outer surface of the plasma membrane was
demonstrated in experiments with viable PKE cells by flow cytofluorimetry measure-
ments. In addition, it was shown that trypsin treatment of PKE cells considerably
reduced the density of the a-p999 epitope on the cell surface and that perforation of
the trypsinized cells did not increase the fluorescence intensity (Modyanov et al.,
19884, Ovchinnikov et al., 1988b). The proposed disposition of the COOH-terminal
region of the a-subunit was confirmed recently by Bayer (1990).

Analysis of the secondary structure of hydrophilic and hydrophobic domains of
Na,K-ATPase was performed by Raman spectroscopy of the native enzyme and
membrane-bound products of stepwise proteolysis (Ovchinnikov et al., 1988a).
Spectral data demonstrate unambiguously that all components of the intramem-
brane moiety of Na,K-ATPase are in the a-helical conformation. The estimated
content of regular secondary structures in the cytoplasmic domain of the a-subunit
and in the exoplasmic domain of the B-subunit was used to calculate the secondary
structure organization of the Na,K-ATPase molecule by statistical prediction tech-
niques. Large reversible conformational changes of the enzyme molecule associated
with the E, < E, transition were detected by the same spectroscopic method (Nabiev
et al., 1988).

We used affinity modification with two substrate analogues to study the active
site topography. An alkylating ATP analogue, +y-[4-N-2-chloroethyl-N-methyl-
amino)]benzylamide-ATP (CIRATP), covalently binds to the a-subunit, yielding a
product resistant to hydrolysis by the enzyme and inhibiting the ATPase activity
(Dzhandzhugazyan and Modyanov, 1985). Sequence determination of the modified
peptides allowed us to identify Asp”® and Asp™ as the targets of modification in E,
and E, enzyme forms, respectively (Dzhandzhugazyan et al., 1986, 1988; Ovchinni-
kov et al., 1987b). This finding directly demonstrates a rearrangement of the molecu-
lar structure of the active site upon the E, <> E, transition. We performed the affinity
modification of Na,K-ATPase with purified dialdehyde ATP derivative (0ATP) to
reveal the components of the active site interacting with the substrate ribosyl moiety.
A 10-kD modified fragment of the a-subunit localized in the COOH-terminal part of
the large cytoplasmic loop between the fourth and fifth membrane segments was
isolated from the tryptic hydrolyzate (Bernikov et al., 1990).

Determination of the complete sequence of a human gene for the catalytic
subunit of Na,K-ATPase allowed analysis of a probable correlation between the
exon—intron organization of gene and protein structure—function features (Ovchinni-
kov et al., 1988c; Broude et al., 1989). In five cases the positions of the introns
coincided with the boundaries of transmembrane segments. A preferred disposition
of introns in the gene moiety encoding protein surface regions has been proposed by
Craik et al. (1982). This is true for all fragments of the polypeptide chain identified
on the surface of the Na,K-ATPase molecule by immunochemical methods (Mody-
anov et al., 1987; Ovchinnikov et al., 1988b). Furthermore, the intron positions
coincide well with characteristic points of limited proteolysis of the native enzyme
(Jorgensen and Collins, 1986). This correlation enables us to consider the intron
positions as markers of the protein surface.

Comparison of the sequences of different E,-E, ATPases revealed a number of
highly conserved regions, which included all the known components of the ATP
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binding and hydrolysis sites (for a review, see Serrano, 1989). The genes for
sarcoplasmic reticulum Ca’*-ATPase (Korczak et al., 1988) and NaK-ATPase
a-subunit have similar exon—intron structures in corresponding regions (Broude et
al., 1989). The data support the existence of a hypothetical common ancestor gene of
ion pumps, duplicated and diverged during the evolution into various forms with
different specificities. Usually, all E,-E, ATPases are considered as a single family of
related enzymes. However, recent data suggest a more detailed classification. The
discovery of the second subunit for H*, K*-ATPase related to the B-subunit of the
Na,K-ATPase (Hall et al., 1990; Okamoto et al., 1990; Shull, 1990) and a high level of
sequence homology for the catalytic subunits suggest that these enzymes are the most
closely related among ion pumps of eukaryotic cells. Even the exon—intron structures
of their genes are almost the same (Ovchinnikov et al., 1988c; Maeda et al., 1990).

On the other hand, current models of the transmembrane organization of the
Ca**-ATPase and the a-subunit of Na,K-ATPase have different folding of the
COOH-terminal parts of polypeptide chains starting from the fifth membrane
segment (Brand] et al., 1986; Modyanov et al., 1988a; Shull and Greeb, 1988). The
carboxy-termini of these proteins were located by site-directed antibodies on oppo-
site membrane surfaces (Ovchinnikov et al., 1988b; Matthews et al., 1989). Cytoplas-
mic orientation of the COOH-terminal region can be regarded as proven for the
Ca**-ATPase of the plasma membrane, since it contains the calmodulin binding site
(James et al., 1988).

Thus, all known ion pumps of animal cells could be divided into two groups
differing essentially in structure and transport properties. The first group includes all
known Ca**-ATPases, which consist of a single polypeptide and transfer only one
type of cation. The second group includes Na,K-ATPase and H" ,K*-ATPases which
are composed of two different subunits and counter-transport ions of two types
across the plasma membrane. Functional differences between these two groups are
apparently based on the peculiarities of the transmembrane folding of the catalytic
polypeptides.

Structural Analysis of Intramembrane Moiety
Hydrophobic Labeling of E, and E, Enzyme Forms

Complete understanding of the cation transport mechanism is impossible without a
detailed knowledge of the spatial organization of the intramembrane moiety. The
crucial questions here are how transmembrane segments are interlocated and
oriented relative to the lipid bilayer and how their structures could reversibly
rearrange during the pump functioning. Recent success in crystallization of sarcoplas-
mic reticulum Ca**-ATPase (Stokes and Green, 1990) promises more information on
the three-dimensional structure of one of the E,-E, ATPases in the near future. Data
available on electron microscopy of two-dimensional crystals of Na,K-ATPase
provide only a general idea of the topography of the membrane complex (Ovchinni-
kov et al., 1985b).

In our opinion a method based on selective modification with hydrophobic
reagents is a powerful tool for the structural characterization of the intramembrane
part of Na,K-ATPase. The carbene-generating reagents 3-(trifluoromethyl)-3
(m-[*1]iodophenyl)diazarine)['*I]TID) and 1-palmitoyl-2-[11-[4-[3-(trifluoro-
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methyl)diazirinyl]phenyl][2-’H]undecanoyl]-sn -glycero-3-phosphorylcholine
(PH]PTPC/11) were designed as highly selective markers of the membrane-
embedded protein regions: these reagents preferentially modify the lipid-contacting
amino acid residues (Brunner and Semenza, 1981; Meister et al., 1985; Harter et al.,
1988; White and Cohen, 1988). It was demonstrated that ["*I]TID can react with any
amino acid residue, including aliphatic chains (i.e., labeling with this reagent does
not depend on the amino acid composition of a transmembrane fragment and the
modification level is determined mainly by its exposure to the lipids). Photoactivable
phospholipid derivatives could react only with inner membrane components, so the
specificity of their interaction is higher than that of the other hydrophobic reagents
(Brunner, 1989).

The functioning of Na,K-ATPase is associated with a structural rearrangement
of the enzyme (Jorgensen, 1975). To examine the involvement of the intramembrane
portion in these conformational changes, the modification of Na,K-ATPase with
hydrophobic reagents was performed with the enzyme stabilized in different confor-
mational states. The experimental scheme includes modification of the Na,K-
ATPase, stabilized in E, or E, forms with hydrophobic reagents, separation of the
labeled preparation by gel-permeation chromatography or polyacrylamide gel elec-
trophoresis (PAGE), and digestion of isolated subunits with trypsin. Tryptic hydro-
lyzates were then separated by reverse-phase chromatography and amino acid
sequences of the peptides were determined. The Na,K-ATPase modification with
[*I]TID was performed according to Chertova et al. (1989) in the presence of
glutathione to avoid unspecific binding of the reagent to the extramembrane protein
moiety. The membrane-bound Na,K-ATPase was labeled with the photoactivated
phospholipid derivative [’"H]PTPC/11, using enzyme (1 mg/ml) in 50 mM imidazol-
HC], pH 7.5, containing 2 mM B-mercaptoethanol and 150 mM NaCl or 150 mM KCl
and incubating with 60 nmol of the reagent (15 Ci/mmol) in the presence of the
phospholipid-exchanger protein at 37°C for 30 min. The excess of the unbound
reagent was removed by centrifugation through a step of 10% sucrose. The pellet was
resuspended in the same buffers and UV-irradiated. The specificity of ['[H]PTPC/11
labeling was checked in control experiments: in the absence of the phospholipid-
exchanger protein no radioactivity was detected in the a- and B-subunits (manuscript
in preparation).

The modified proteins were analyzed by gel-permeation chromatography on an
Ultrapore TSK-3000 SW column and by 7.5% PAGE according to Laemmli (1970).
Specific radioactivity incorporated into the subunits was determined by comparing
densitograms of the polyacrylamide gel with its autoradiogram.

Irradiation of the membrane-bound Na,K-ATPase both in Na* and K* forms in
the presence of ['*I|TID and [’H]JPTPC/11 resulted in covalent labeling of lipids and
both of the enzyme subunits (Fig. 1). Incorporation of the reagents into the protein
moiety of Na,K-ATPase preparations was 2-3% and 0.1-0.2% of the total covalently
bound radioactivity for [*I]TID- and [H]PTPC/11-treated samples, respectively.
The labeling of both the a- and B-subunits coincides with results previously obtained
for Na,K-ATPase modification by ["*IJTID (Jorgensen and Brunner, 1983) and by
two photoactivated phosphatidylcholine derivatives, 1-myristoyl,2-[12-amino(4N -3-
nitro-1-azidophenyl)]-dodecanoyl-sn-glycero-3[“C]phosphocholine (PL-1) bearing its
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reactive group in the central membrane part like ["HJPTPC/11, and 1-palmitoyl,2-(2-
azido-4-nitro)benzoyl-sn-glycero-3-[*H]phosphocholine (PL-2) (Montecucco et al.,
1981). Both enzyme subunits appear to be labeled in these experiments. On the
contrary, modification of the Na,K-ATPase with iodonaphthylazide (INA) (Jor-
gensen et al., 1982) and adamantanyldiazarine (AD) (Farley et al., 1980) resulted in
hydrophobic reagent incorporation in the a-subunit only. This difference is perhaps
due to chemical and steric peculiarities of the reagents (for review, see Brunner,
1989).
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Figure 1. Determination of the incorporation of the hydrophobic reagents into the Na,K-
ATPase subunits. Separation of Na,K-ATPase modified with hydrophobic reagents in E, and
E, enzyme forms (left). The preparation of Na,K-ATPase was solubilized in 0.1 M Na-acetate
buffer, pH 5.6 (buffer A), containing 5% SDS, 5% B-mercaptoethanol, then separated on the
UltroPac TSK-3000 SWG column in buffer A with 0.2% SDS (flow rate 1 ml/min); the protein
absorbance was monitored at 280 nm. The height of the blocks indicates the value of
radioactivity incorporated into the subunits in the E, and E, conformations. The value of the
ratio of reagent incorporation according to data of gel-permeation chromatography and
densitometry of PAGE and autoradiography are summarized in the table (right).

Analysis of the B-subunit samples isolated from the [**I]TID-modified Na,K-
ATPase reveals the same value of specific radioactivity incorporation in E, and E,
forms (Fig. 1). Similar results were obtained in the experiments with ["HJPTPC/11.
This finding indicates that the level of the B-subunit labeling does not depend on a
conformational state of the enzyme; i.e., the area of its contact with lipids does not
change upon the E, — E, transition. Unlike the B-subunit, the labeling of the
a-subunit increases upon the E, — E, transition for both reagents. The ratio of label
incorporation (o/B) increases from 2.3 for ["*I]TID and 2.8 for [’'H]PTPC/11 (in the
Na-(E,) enzyme form) to 3.5 for ["*I|TID and 3.2 for [*H]PTPC/11 (in K*-(E,)
enzyme form).
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These data clearly demonstrate the changes in accessibility of membrane-bound
fragments of the a-subunit for hydrophobic reagents in E, and E, forms; i.e., the
intramembrane moiety of Na,K-ATPase (a- but not B-subunit) is involved in a
reversible structural rearrangement during enzyme functioning. Analysis of the INA
interaction with Na,K-ATPase in different enzyme conformational states also re-
vealed more extensive labeling of the a-subunit in the K* form (by 10-15%) as
compared with the Na* form (Jorgensen et al., 1982). The difference in the ratio of
reagent incorporation into the subunits in distinct enzyme forms is greater for
[*I]TID as compared with ["HJPTPC/11 (Fig. 1). Hence, the contact area of the
a-subunit with lipids in the central part of the bilayer does not change drastically
during the E-E, transition. These differences in the case of PTPC/11 could be
explained by changes in mutual dispositions of the transmembrane rods and/or
distance between the protomers. An additional increase of the hydrophobic labeling
revealed by [**I]TID indicates the rearrangement of other hydrophobic portions of
the a-subunit, namely, the regions located near the phospholipid heads or forming
extramembrane hydrophobic pockets. The proposal, that the a-subunit has an
extended segment partially embedded in the membrane, is supported by earlier data
of Montecucco et al. (1981). These authors showed that in the case of modification by
the phosphocholine derivative PL-2, with a reactive group near the head groups of

“phospholipids, the ratio of label incorporation o/p increased up to a value of 5 as
compared with a ratio of 3 for PL-1 carrying an azido group at the end of the fatty
acid chain.

Calculation of the hydropathy plots of the a- and B-subunits and analysis of the
enzyme topography leads to a ratio of 7:1 for the mass of the membrane bound
portions (Ovchinnikov et al., 1987). Thus the specific radioactivity incorporation into
the intramembrane portion of the B-subunit upon hydrophobic labeling is threefold
higher than that of the corresponding a-subunit region. On the one hand, this finding
points to the peripheral location of the B-subunit in the oligomeric membrane
complex. On the other hand, it suggests the lack of contact of some a-subunit
membrane fragments with lipids. This can be explained by the tight interaction of the
a-subunits within an oligomer and/or possible location of one or two rods in the
center of the aB-protomer membrane moiety. Protection of the a-subunit by the
tightly bound lipids or low molecular weight proteins cannot be excluded.

Isolation and Characterization of Labeled Fragments

Evidently ["HJPTPC/II is a more selective reagent than [IJTID, which is also
capable of modifying clusters of hydrophobic residues in extramembrane protein
domains (Brunner, 1989). Nevertheless, the ratios of radioactivity incorporation into
the subunits for these two reagents are similar (Fig. 1). This testifies to the specific
interaction of [PITID with the membrane sector of the enzyme. The specific
radioactivity of [*’I]TID-modified preparations is higher compared with those
treated with "H]PTPC/11 and isolation of the ['*I]TID-labeled peptides is not as
complicated. Besides the a- and B-subunits, membrane-bound preparations of
Na,K-ATPase contain some low molecular weight components capable of [“I]TID
incorporation. Because of this, modified a and B peptides were separated and
identified after isolation of the enzyme subunits. The purified a-subunit of Na,K-
ATPase was treated with trypsin. Gel-permeation chromatography of the tryptic
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hydrolyzate on a TSK-2000SW column (Fig. 2) showed that the two reagents were
incorporated exclusively into high molecular weight fragments. Low molecular
weight products from the exhaustive tryptic hydrolysis of regions corresponding to
the extramembrane segments of the subunits were free of the label. Similar results
were obtained with the B-subunit (Chertova et al., 1989). According to calculation,
only the hydrophobic fragments have molecular masses > 3,000 D. Thus the absence
of the label in the region of low molecular weight peptides indirectly points to a
highly selective labeling.

The modified fragments were separated on a reverse-phase column (Nucleosil
5C4—300). Determination of the sequence of the B-subunit-modified fragments

65 65 85 95 1058 115 Min

Figure 2. Separation of tryptic hydrolyzate of the a-subunit by gel-permeation chromatogra-
phy. Tryptic hydrolyzate was lyophilized, then dissolved in buffer A containing 5% SDS and
5% B-mercaptoethanol and applied to the UltroPac TSK-2000SW column (7.5 x 600 mm)
equilibrated in buffer A with 0.2% SDS (flow rate 0.2 ml/min). The peptide absorbance was
detected at 280 nm and the position of the labeled fragments was determined by the yield of
radioactivity. The values of radioactivity as a percent of the applied are shown.

revealed labeling of only one peptide, Thr”’-Arg”. The positions of amino acid
residues preferentially modified with [’I|TID were identified and indicated that
fragment Thr”-Arg" of the B-subunit is bound to the membrane (Chertova et al.,
1989).

The same procedures were applied to separate tryptic hydrolyzates of the
enzyme a-subunit modified in E, and E, conformations (Fig. 3). Though separation
and tryptic hydrolysis of the subunits as well as isolation of the fragments were
performed under the same conditions, the radioactivity distribution on chromato-
grams is different for the E, and E, forms. All the fractions containing radioactive
material were analyzed for both enzyme conformations. A set of labeled peptides
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was shown to be the same for E, and E, forms:

Asp®—Gly—Pro—Asn—Ala—Leu—Thr—Pro—Pro—Pro—Thr—Thr—Pro—

Glu—Trp—Val—Lys— —Phe—Cys—Arg—GIn—Leu—Phe—. . —Lys'¥
Ile**—Ala—Thr—Leu—Ala—Ser—Gly—. . —Lys*!
Val**—Leu—Gly—Phe—Cys—His—Phe—Leu—Pro—Asp—. . .—Arg™®
Ser®—Ile—Ala—Tyr—Thr—Ser—Asn—Ile—Pro—Glu—Ile—. . —Lys*

Leu**—Ile—Ser—Met—Ala—Tyr—Gly—GIn—Ile—Gly—Met—Ile—GIn—Ala—
Leu—Gly—Gly—Phe—Phe—Thr—Tyr—Phe—Val—Ile—Leu—Ala—Glu—Asn—
Gly—Phe—. . —Arg®

Asn’*—Ser—Val—Phe—GIn—GIn—Gly—Met—Lys—Asn—Lys—Ile—Leu—Ile—
Phe—. . —Arg”

M et973_Tyr_PrO_Leu-—Lys——Pro—Thr—. . .—Arg999

Thus the difference in intensity of labeling of the a-subunit in the E, and E,
conformations can be explained by a change in the intensity of labeling of the specific
peptides rather than by the labeling of different peptides. The majority of fractions
analyzed contained a mixture of two or three fragments. We are currently attempting
to purify all of the fragments to determine the extent of labeling and to establish the
sidedness of modification. Modification of all the fragments with [“I]TID agrees
with data on limited proteolysis of [*I]TID-labeled Na,K-ATPase (Jorgensen and
Brunner, 1983), which showed the label to be evenly distributed along the polypep-
tide chain of the a-subunit.

Mapping of the membrane sector with a series of hydrophobic reagents also
showed label incorporation into other portions of the a-subunit. Iodonaphthylazide
labels the NH,-terminal 12-kD fragment (Jorgensen et al., 1982), including peptide
Asp*-Lys'?, which was also isolated. "[H]Adamantanyldiazirin ([’H]AD) modifies
the COOH-terminal portion of the a-subunit (Farley et al., 1980) which includes
peptides Val**-Arg®®, Ser”’-Lys®™, Leu®*-Arg™, Asn’*-Arg’?, and Met”-Arg™ in
the labeled fractions. Nicholas (1984) provided extensive structural information on
modification of Na,K-ATPase with H]JAD. ["H]AD-labeled peptides were isolated
and their NH,-terminal amino acid sequences were determined. Peptides Ile-Ala-Thr-
Leu- and Val-Leu-Gly-Phe- were identified as transmembrane fragments. These
sequences were determined before the complete primary structure of Na,K-ATPase
was known. It is now possible to identify these peptides as Ile*-Ala-Thr-Leu- and
Val’**-Leu-Gly-Phe- (we identified both peptides as ['“I]TID-labeled; see above).
Amino acid sequences Leu-Ile-X-Leu-Ala and Met-Tyr-Leu-Pro- presumably, corre-
spond to fragments Leu*?-Lle-Ser-Met-Ala- and Met”*-Tyr-Pro-Leu of the a-sub-
unit (Kyte et al., 1987) and they are also isolated among ['*1]TID-labeled peptides.

We were able to isolate a-subunit fragment Leu**-Arg® and B-subunit frag-
ment Thr-Arg” and to determine the positions of preferential labeling. The first
target of modification in the B-subunit intramembrane portion is Phe*, which may be
aresult of masking the NH,-terminal highly hydrophobic sequence Leu®-Leu® by the
a-subunit or exposure of this region of the B-subunit in cytoplasm. On the other
hand, the sixth a-subunit transmembrane segment evidently also includes the
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Figure 3. Separation of ['*I]TID-labeled peptides of the a-subunit modified in E, (fop) and E,
(bottom) conformations on Nucleosil 5C,-300. The radioactive pools from gel filtration (Fig. 2)
were lyophilized and redissolved in buffer B (10% mixture of acetonitrile:isopropanol 2:1 in
0.1% trifluoroacetic acid) containing 5% SDS and applied to Nucleosil 5C,-300 column
(4.6 x 100 mm) equilibrated with buffer B in the gradient of buffer C (acetonitrile:isopropanol
2:1,0.1% TFA): 0-25% C for min, 25-50% C for 75 min, 50-75% C for 50 min, 75-100% C for
25 min, 100% C for 25 min (change in percentage of acetonitrile is shown by hatched bars).
Flow rate, 0.5 ml/min. The peptide yield was determined by the absorption at 214 nm.
Histograms show the radioactivity profile.

[**I] TID-modified residue of Glu*®, which followed a predicted hydrophobic region.
These findings allowed us to refine the position of boundaries of transmembrane
rods proposed from hydropathy plots.

Purification of other fragments labeled with [“I|TID in different enzyme
conformations and identification of modification points are now in progress. These
results will clarify how the conformational transition E, — E, influences the position
of these peptides relative to the lipids.
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Spatial Organization of Intramembrane Moiety

The results of identification of the membrane-bound fragments of Na,K-ATPase
coincide in general with the subunit transmembrane arrangement proposed earlier
(Ovchinnikov et al., 1987). As shown in Fig. 4, in addition to the predicted
transmembrane fragments, the rather hydrophobic fragments Val**-Arg*® and Met’”-
Arg*™ appeared to be modified by [*I]TID. The same peptides were also shown to
be labeled with AD (Nicholas, 1984). On the other hand, both these fragments were
identified in the supernatant after precipitation of the membrane preparation of the
Na,K-ATPase subjected to limited tryptic hydrolysis (Ovchinnikov et al., 1987a).
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Figure 4. Scheme for the transmembrane arrangement of Na,K-ATPase. The primary
structures of ["*I|TID-labeled fragments are shown.

—

These findings indicate that the a-subunit regions Val**-Arg™ and Met*”-Arg™ are

either partially embedded in the membrane or lie on the surface of the intramem-
brane moiety of the Na,K-ATPase. There is still a possibility that these fragments
form very hydrophobic “pockets” capable of selective binding of the lipophilic
reagents. As mentioned above, changes in the modification level of the a-subunit in
various conformational states can be explained by a change of the contact area
between the subunits in the oligomer and by a different depth in the lipid bilayer of
the fragments. Peptides Val’’-Arg™ and Met”>-Tyr are the best candidates for this
role.
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Thus, a combination of different experimental approaches allowed us to reveal
the following structural features of the intramembrane portion of the sodium pump.
The a- and B-subunits have seven and one transmembrane segments, respectively
(Ovchinnikov et al., 1987a). They are all in the a-helical conformation (Ovchinnikov,
1988a). Present data on hydrophobic labeling indicate that first and/or second, third
and/or fourth, as well as fifth, sixth, and seventh membrane segments of the
a-subunit are in direct contact with the lipid bilayer. The transmembrane segment of
the B-subunit is located on the periphery of the af3-complex.

This information was used to propose the first model of the spatial organization
of the intramembrane domain of the Na,K-ATPase (Figs. 4 and 5). The hypothetical
three-dimensional structure of all transmembrane helices was calculated by using the
values of the torsion angles j and v classically attributed to an a-helix and the side
chains corresponding to each peptide. The structures obtained were visualized with
the PC-CHEMMOD Molecular Modeling System (U-Micro Ltd., Cheshire, UK).
The axial projections of the models for the intramembrane part of the B-subunit and

a b
27 63 842 . X 873
TGGSWFKILLFYVIFYGCLAGIFIGTIQVMLLTISEF... LISMAYGQIGMIQALGGFF TYFVILAENGFLP.. .

Figure 5. The amino acid sequences and axial projections of the intramembrane fragment of
the B-subunit Lys”-1le® (a) and sixth transmembrane segment of the a-subunit Leu*2-Ala*”’
(b). The ["PI]TID-labeled amino acid residues are displayed.

the sixth transmembrane segment of the a-subunit (Fig. 5) clearly demonstrate an
asymmetrical distribution of the TID-labeled amino acid residues. Thus, parts of
both helices accessible to the hydrophobic reagent are, obviously, exposed to the
lipid matrix, so other portions of the membrane segments are located inside the
protein. We examined the spatial relationships of the intramembrane components of
the Na,K-ATPase by comparison with a set of the above a-helical models with the
corresponding part of the three-dimensional structure of an aB-protomer revealed
by electron microscopy of two-dimensional crystals (Ovchinnikov et al., 1985b). The
Van der Waals surfaces of all helices were calculated. The following assumptions
were made for the fitting: (a) segments 1 and 2 as well as 3 and 4 connected by short
hydrophilic sequences are associated in pairs; (b) critical charged residues (Glu™,
Glu*”, and GIlu™) and other potential components of ion-conducting pathways are
located inside the protein; and (c) residues accessible to a hydrophobic reagent are in
contact with the lipid environment. The resulting map of possible arrangements of
transmembrane helices fitted into the cross-sections of the membrane part of the
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three-dimensional model of Na,K-ATPase is shown in Fig. 6. The contours of
cross-sections parallel to the membrane plane were calculated near the extracellular
and cytoplasmic surfaces and in the center of the lipid bilayer. The most probable
position for the B-subunit on the map was selected by comparison of the three-
dimensional models of the af-protomer and individual 8-subunit (Ovchinnikov,
19855, 1986a; Modyanov, 1988b).

Obviously, this version of the disposition of a-subunit helices is only one of many
possible arrangements. We hope that results of the studies on hydrophobic labeling
might restrict this variety and lead to a more realistic model of the structural
organization of the intramembrane part of the Na,K-ATPase. The challenging
problem remaining is the determination of which protein fragments are involved in
structural rearrangements during pumping. This information is essential for under-
standing the cation transport mechanism.

Figure 6. Hypothetical arrangement
of transmembrane a-helices fitted into
the cross-sections of the intramem-
brane part of the three-dimensional
model of Na,K-ATPase revealed by
electron microscopy and two-dimen-
sional crystals. The contours of cross-
sections parallel to the membrane
plane were calculated near the extra-
cellular () and cytoplasmic (3) sur-
faces and in the middle of the lipid
bilayer (2). Circles indicate the posi-
tion of the [**I]TID-labeled residues.
Hydrophilic amino acid residues are
designated.
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Introduction

Systematic approaches to defining structure—function relations for the sodium pump
protein in terms of specific amino acids date from the relatively recent acquisition of
a-subunit primary sequence from gene cloning techniques (Kawakami et al., 1985;
Shull et al., 1985). The absence of any direct evidence linking a catalytic role with the
B-subunit has focused attention on identifying which regions of the a-subunit can be
associated with specific catalytic and transport functions of the sodium pump
reaction cycle. Along with such considerations goes the difficult step of transforming
the amino acid sequence data obtained from cloning into a meaningful and reliable
topographic model for the transmembrane disposition of the a-subunit, as well as a
helpful picture for the protein secondary structure (i.e., folding). Recent studies with
the sodium pump a-subunit and its relatives in the family of P-type ATPases, which
include the sarcoplasmic reticulum (SR) and plasma membrane (PM) calcium
pumps, the proton pump or H,K-ATPase from gastric mucosa, and the other
transport ATPases, have led to a more or less unified picture. Obviously, these
pumps will not be the same in detail; however, it is now generally accepted that
similarities in function, enzymatic reaction cycle, and regions of primary sequence
homology will be reflected in similarities in structure and the ways in which the
different proteins interact with their ligands. Currently, each of these specific areas is
the subject of intense activity (and speculation). At the moment, models exist that
propose seven (Ovchinnikov et al., 1988), eight (Kawakami et al., 1985; Shull et al.,
1985), or ten (Maclennan et al., 1985) transmembrane helices for the sodium or
calcium pumps. Obviously, if this is an even number then the carboxy terminus of the
a-subunit is in the cytoplasm, as is true for the calmodulin-binding carboxy terminus
of the PM calcium pump (James et al., 1988).

The predominant mass of the a-subunit is contained in a large cytoplasmic loop
between transmembrane helices 4 and 5 (numbered from the amino terminus). This
loop, running approximately from residue 340 to 780 (in sheep kidney Na,K-
ATPase), contains sequences that are homologous to the other ion pumps and also
contains stretches that show similarities with other ATP binding proteins (Taylor
and Green, 1989). These homologies have led to a consensus structure for ion pumps
based on data from mutagenesis studies, chemical modification, and proteolytic
cleavage (Green et al., 1988). A sketch of the overall organization of this structure is
shown in Fig. 1. Major portions of the cytoplasmic loop contribute to the ATP
binding domain and the phosphorylation region. In the model developed for the
calcium pump, the large cytoplasmic loop is linked to the membrane-embedded
transmembrane helices by a stalk region. Early suggestions for the locus of the cation
binding sites of the Ca pump placed the significant carboxyl residues (see below) in
this stalk region (Brandl et al., 1986); however, the results of studies on transiently
expressed mutagens make this unlikely (Clark et al., 1989b). More recent data from
mutagenesis studies place the putative cation-associated carboxyl residues in the
transmembrane helices (Clarke et al., 1989a, 1990). Some of these are contributed
from the helices which are carboxy-terminal to the cytoplasmic loop (where the
various family members of the P-type ATPases show rather less homology), while
others come from more amino-terminal transmembrane helices. If this model is
correct, it brings together in close spatial proximity the transmembrane helices which
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in the linear amino acid sequence are greatly separated on either side of the large
cytoplasmic loop.

These models rely on a combination of information from mutagenesis studies of
the calcium pump (referred to above), high resolution data from electron diffraction
(Stokes and Green, 1990), and plausibility arguments. The latter are based on the
expectation that hydrophilic and highly charged substrates (ATP, ADP, etc.) bind to
cytoplasmically exposed domains of the protein. Phosphorylation of the protein
occurs in this region and the information is transferred to some portion of the protein
that forms a pathway for the cations through the low dielectric membrane bilayer.
The task confronting contemporary workers who wish to understand how this protein
works is to identify the specific regions involved in ligand binding and to learn how
they are spatially related and how these relationships change during the reaction
cycle.

Although the reaction mediated by the pump is complex and many intermediate
states exist, this complexity can be used as an aid in protein modification studies. The
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Figure 1. Schematic of a-subunit topography.

greater the number of properties of the protein that can be measured and the more
intermediates characterized, the more confidence can be placed in the specificity and
limits of the effects of modifications. For example, if major dephosphoenzyme
conformations are characterized in some way, nucleotide binding measured, phospho-
rylation level assayed, cation binding or occlusion as well as activity measured, then if
a reagent is hypothesized to act at a particular ligand binding site its specificity of
action can be assessed. In such a complex enzymatic pathway as that of the sodium
pump, the loss of overall enzymatic activity (ATPase) is by itself not a very useful
criterion for the evaluation of the basis of the effects of a specific alteration (via
mutagenesis or chemical modification).

Currently (Fall of 1990 or just after), there are no expression systems available
that will produce significant or adequate quantities of functioning sodium pumps, so
that systematic studies on the functional effects of mutations, deletions, and so on
cannot be performed. We are thus limited to an amino acid-based strategy rather
than a nucleotide-based strategy for enzyme modification. The approach used in
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chemical modification studies has been described and discussed recently in a review
of this field (Pedemonte and Kaplan, 1990) and will not be examined in detail here.
We hope that by the development of new specific reagents for the inactivation and
modification of the Na,K-ATPase and identification of their sites of action we can
learn more about structure—function relations in this protein and also provide
rational targets for a mutagenesis program when such an approach becomes viable.

It should be borne in mind that the intrinsic ambiguity in interpreting the data
from modification studies cannot be avoided. Whether the modification used is a
specific chemical alteration of an intrinsic amino acid or the replacement of one
endogenous amino acid by another, we cannot know until high resolution structural
data become available whether the effects we observe are the result of direct actions
at a site between the modified residue and a ligand or some other allosteric or
through-space interaction mediated by the macromolecule. An undeniable power of
a nucleotide-based strategy is the ability to make such modifications at predeter-
mined locations with a range of more or less conservative substitutions in bulk,
charge, or some other property.

The remainder of this article will deal with recent chemical attempts to obtain
information on two of the functional protein regions, the ATP binding domain, and
the monovalent cation binding domain.

The ATP Binding Domain

Studies in the last several years have identified regions of the a-subunit, and
sometimes specific amino acids, which seem to be close to or at the ATP binding
region of the enzyme. So far all of these residues are between transmembrane helices
4 and 5 and thus within the large cytoplasmic loop of ~440 amino acids (see Fig. 2).
This is the region that has figured prominently in secondary structure predictions of
the P-type ATPases (Taylor and Green, 1989). These residues include the aspartate
(D-369), which forms the acyl phosphoenzyme intermediate and which presumably,
at least in NaE,ATP forms of the enzyme, is close to the gamma phosphate residue of
ATP. Lysine 501, the major FITC-binding lysine, is in this region along with two
aspartates (D-710 and D-714) which have been reported to be modified by a reagent
that contains an alkylating moiety attached to the gamma phosphate of ATP
(Dzhandzhugazyan and Modyanov, 1985; Ovchinnikov et al., 1987). This implies that
region 710-714 is probably close to D-369 in NaE ATP. Lysine 719 and cysteine 656,
both in the carboxy-terminal portion of the cytoplasmic loop, have been suggested to
be the ATP-protectable targets of inactivation by FSBA (Ohta et al., 1986). The
sources of possible error and controversial aspects of these labeling studies have
been discussed in detail elsewhere (Pedemonte and Kaplan, 1990). More recent
work by Hinz and Kirley (1990) has used pyridoxal phosphate and pyridoxal-5'-
diphospho-5'-adenosine (ADP-pyridoxal) as ATP analogues. These reagents had
previously been used in studies on the gastric H,K-ATPase (Tamura et al., 1989) and
the SR Ca-ATPase (Yamamato et al., 1988). Evidence was obtained by Hinz and
Kirley (1990) for the involvement of a lysine (K-480) in the a-subunit of lamb kidney
Na,K-ATPase. This residue was contained in a sequence which ran from 1-470 to
K-487 which is highly conserved in sodium pumps from many species as well as in the
gastric H,K-ATPase. Interestingly, this sequence corresponds to the radiolabeled
fragment previously identified with the ATP-binding region from studies with
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8-azido-ATP (Tran et al., 1988). Another segment of this loop which has been
tentatively proposed to be involved in ATP binding is the sequence around K-598 to
K-605, which was identified from sequencing of a labeled peptide after H,DIDS
inactivation of the sodium pump (Pedemonte and Kaplan, 1988a, 1990). The
identification was not conclusive, since sequencing did not extend sufficiently far to
identify the modified lysine. Recent work on the Neurospora proton pump with
another reagent also suggests that this segment is important for ATP binding. In this
work, 2-azido-ATP was used to photochemically inactivate the protein and a labeled
fragment that corresponds to the region G-597 to K-622 in the sheep kidney sodium
pump was sequenced. This region shows homology among the Neurospora proton
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Figure 2. The cytoplasmic loop of the a-subunit. The fragment shows the various residues and
stretches which have been associated with the ATP-binding domain following the results of
chemical modification studies.

pump, the calcium pump, and the sodium pump, and contains a sequence with
homology to a consensus sequence in phosphofructokinase (Davis et al., 1990).

Recently, Xu (1989) reported that in addition to K-501, the major lysine
modified by FITC (in an ATP-protectable fashion), minor labeling with similar
characteristics was also observed at K-480 and K-766. The former of these is within
the sequence labeled by 8-azido-ATP (mentioned above). The latter, if it is part of
the ATP binding region in close proximity to ATP, means that the folding of this loop
to form the ATP binding site includes residues that are very close to the membrane—
cytoplasm interface (see Fig. 2).

Until now, most of the amino acids identified by direct labeling as being involved
in the ATP binding domain have been lysine residues. This is probably a result of the
greater availability of lysine-selective reagents rather than a particular concentration




122 The Sodium Pump: Structure, Mechanism, and Regulation

of lysine residues in this region. Recent studies using N-acetylimidazole provide
evidence for a residue in the a-subunit which when modified (acetylated) results in a
loss of enzyme activity. This loss is due to the disruption of high affinity ATP binding
by the enzyme. The inactivation is prevented by the simultaneous presence of ATP
and, importantly, can be reversed by treatment with hydroxylamine (Argiiello and
Kaplan, 1990). Taken together, these data provide evidence for a tyrosine residue in
the ATP binding region of the a-subunit.

The observations of Xu (1989) referred to above suggest that lysines 501, 480,
and 766 cluster in some way so that they may all be directly associated with ATP
binding to the a-subunit. Earlier evidence for a clustering of such titrable, positively
charged side-chains was obtained from studies of enzyme inactivation by H,DIDS
and other reversible stilbene disulfonate inhibitors (Pedemonte and Kaplan, 19884,
b). The contrast between the pH dependence of reversible inhibition and irreversible
inactivation in this class of inhibitors led the authors to suggest that a cluster of such
residues was associated with H,DIDS binding to the a-subunit. The H,DIDS binding
site (or the lysine to which it is covalently attached) is associated closely with the high
affinity ATP binding site on the a-subunit. Observations obtained with H,DIDS also
illustrate some of the difficulties of the chemical approach. If protection studies
alone are used to decide on the probable site of action, it is just as likely that H,DIDS
binds to the K site as to the ATP site, since both ligands prevent attachment.
However, the presence of one of the ligands probably produces protection via a
conformation effect; i.e., on binding it leads to a conformation less reactive (or
unreactive) with the H,DIDS. It seems more likely that H,DIDS binds to the E, form
close to the ATP site; hence, ATP protects in a direct fashion and K protects by
holding the enzyme in a less reactive E,K form (i.e., via a conformation effect
[Pedemonte and Kaplan, 1988a, b]).

Recently, a new covalently acting lysine-selective reagent has been reported for
P-type ATPases. This is NIPI or N-isothiocyanophenylimidazole (Ellis-Davies and
Kaplan, 1990). The use of NIPI has provided evidence that when Na binds to the
a-subunit at its binding site it causes an increase in the apparent affinity for ATP at
the ATP site. Interestingly, the complementary effect of ATP on Na affinity had been
reported earlier (Skou, 1979). It was observed only at elevated pH (pH 8.2), exactly
the conditions under which NIPI modification of the enzyme is performed (Ellis-
Davies and Kaplan, 1990). These observations suggest that ATP binding in this cyto-
plasmic loop region results in a structural change (corresponding to E, — E; ATP)
which is transmitted to the side-chains involved in Na coordination elsewhere in the
molecule (see below).

In the sodium pump reaction cycle ATP acts with two different apparent
affinities, ~0.1 uM in the catalytic site of phosphorylation (NaE,ATP) and ~100
puM in stimulating the release of occluded K (E,KATP). It has been argued that
these different effects of ATP may be due to ATP binding at different regions in the
protein. Leaving aside issues of active dimeric or oligomeric enzyme forms (of the
o,B, type, for example), it seems more likely that the effects are due to subtle changes
in a single ATP binding domain as the protein progresses through the E;Na and E,K
states. Observations with NIPI show that modification of a single lysine residue in the
a-subunit results in the loss of both ATP functions: the high affinity binding in the
presence of Na ions and the low affinity deocclusion of Rb ions (Ellis-Davies and
Kaplan, 1990). This makes it most likely that a single protein domain is involved in
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both functions. It is anticipated that studies underway using ['H]NIPI will identify
the precise lysine residue involved in the modification. The specific residues and
structures that have been located in the primary structure of the cytoplasmic loop
and are thought to be directly involved in ATP binding are shown in Fig. 2. These
residues have been identified as a result of their identification as the locus of
attachment of covalent inactivators of the pump. In addition to the difficulty in
deciding whether their effects are direct (as discussed above), another potential
pitfall is always present in such studies. This has been discussed in a recent review
(Pedemonte and Kaplan, 1990) and is illustrated in some recent studies by Chang
and Slayman (1990) of the Neurospora plasma membrane proton pump. Another
reason for inactivation by a reagent in the ATP site, for example, may not be because
the labeled amino acid is critically important for coordination to ATP, but because
the space close to the residue is important for function and its occupancy by a bulky
reagent may lead to inactivation. Earlier work by Pardo and Slayman (1989) had
established that modification of the specific cysteine residue (C-532) by N-ethylmale-
imide resulted in inactivation of H"-ATPase activity and that the inactivation (and
labeling) could be prevented by MgADP. A conclusion might be that C-532 was
involved in ADP (hence ATP) binding. The subsequent work by Chang and Slayman
(1990) shows that modification of C-532 with methyl methanethosulfonate, a small
sulfhydryl-reactive reagent, results in neither loss of activity nor any detectable
structural change. This removes any basis for the assumption that C-532 plays an
essential functional in catalysis. It would be interesting in the case of the alkylating
derivatives of ATP discussed above if the modified protein were treated enzymati-
cally or under mild chemical conditions to remove the adenosine phosphate moieties
from the covalent attachment. The resulting protein would have relatively less bulky
groups attached at the apparently essential amino acids, say D-710 or D-714. If this
protein were inactivated and unable to bind ATP, a stronger case would be made for
the proposed role of D-710 or D-714 in ATP binding.

The Monovalent Cation Binding Domain

Compared with the wealth of data available on the ATP binding domain, far less is
known about the cation binding domain. The extent to which the ATP binding
domains have been conserved through many enzyme systems has been of great help
in advancing our understanding of a variety of ATPases, kinases, etc. However, it is
probably the evolutionary development of a cation binding site that enables these
ATP hydrolyzing proteins to smuggle cations via a nonleaky pathway through the
membrane which gave the P-type ATPases their special character. It has seemed
plausible for many years that if monovalent cation binding sites on the sodium pump
were to satisfy local charge interactions, a negatively charged amino acid side-chain
might be directly involved. This reasoning gave rise to studies with carbodiimides,
well-characterized chemical reagents which react with carboxyl residues. The early
work on carboxyl group modification was initiated by Robinson, who showed that
dicyclohexylcarbodiimide (DCCD) inactivated. the sodium pump in a characteristic
way, which was prevented by the simultaneous presence of sodium ions (Robinson,
1974). This supported the idea that carboxyl side-chains may play a role in Na® or
K* ion coordination by the enzyme. Similar subsequent work on the sodium and
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calcium pumps has been reviewed (Pedemonte and Kaplan, 1990). The fundamental
problem associated with the use of carbodiimides lies in the complex alternative
pathways available for the initially formed carbodiimide—protein carboxyl adduct
(see Fig. 3). Two main fates are available: either () condensation, with elimination
of the carbodiimide as a urea and formation of a peptide bond (intramolecularly with
an endogenous amine as shown or with an amine of another peptide to form an
intermolecular cross-link), or (b) rearrangement. Only in the latter case does the
extent of incorporation of the carbodiimide into the protein reflect the extent of
inactivation and involvement of an essential carboxyl. Indeed, for the incorporation
and inhibition to be related in a simple way, the condensation pathway must not
inactivate at all. Recent studies by Pedemonte and Kaplan (19864, b) showed with
both water-soluble and hydrophobic carbodiimides that inactivation was almost
certainly due, under their reaction conditions, to condensation. The most telling
evidence came from the observation that addition of exogenous nucleophiles led to
nucleophile incorporation but fully active enzyme (Pedemonte and Kaplan, 1986a).
In other words, inactivation could not be due to the modification of an essential
carboxyl (since the carboxyl was modified in the fully active enzyme obtained with
incorporated nucleophile), but was probably due to cross-link formation and produc-
tion of a rigid, fixed protein or the removal by condensation of an essential amino
side-chain. It is ironic that the use of a carboxyl-selective reagent might provide
evidence for the involvement of an essential amino side-chain. Different results were
obtained by Shani-Sekler et al. (1988), who have reported DCCD inactivation of the
pig kidney sodium pump enzyme which was prevented by monovalent cations (in
agreement with Pedemonte and Kaplan, 1986a) but was not prevented by the simul-
taneous presence of exogenous nucleophiles. Goldshleger et al. (1990) obtained
evidence for the incorporation of radiolabeled DCCD which corresponded to the
modification of carboxyl residues that are assumed to be at the monovalent cation
binding site. The reason for the difference in observations is not clear but some
possibilities have been discussed previously (Shani-Sekler et al., 1988; Pedemonte
and Kaplan, 1990).

To avoid the potential complications of using carbodiimides we recently em-
ployed the stabilized diazomethane analogue 4-(diazomethyl)-7-(diethylamino)-
coumarin (DEAC). Reaction of a diazomethane with a carboxyl residue results
simply in esterification of the carboxyl (see Fig. 3). Initial findings with DEAC have
recently been reported (Argiiello and Kaplan, 19914, b). The basic findings are that a
K- or Na-preventable inactivation results from treatment of the enzyme with this
reagent. Complete inactivation of the enzyme results from the K-preventable incor-
poration of one or two molecules per active a-subunit. The modified carboxyl
residues are not in peptides released from the membranes on extensive proteolytic
treatment of modified enzyme. Thus, it is likely that the esterified carboxyl residues
are located in or close to the transmembrane segments of the a-subunit. The
modified enzyme has unaltered nucleotide binding properties but less than 10% of
the native proteins’ capacity to occlude Rb ijons. It is also apparent that the
DEAC-modified enzyme is still able to undergo E, = E, transitions (Argiiello and
Kaplan, 1991b). The precise localization and identification of the DEAC-modified
aspartate or glutamate residues is now underway. We anticipate that some of the
amino acids involved in the coordination of K" or Na* ions with the a-subunit will
soon be identified. The identification of other residues which are not glutamates or
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aspartates in the monovalent cation coordination will require the development of
other chemical reagents.

In summary, then, the systematic application of chemical labeling approaches is
beginning to identify specific amino acids that are likely to be involved in ligand
coordination by the o-subunit of the sodium pump. An understanding of the
mechanism of action of our favorite transport protein will come when this approach
can be used in combination with a nucleotide-based strategy for mutant expression
and when techniques are available to obtain high resolution structural information
from the crystalline protein.
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The question “How does a cation pump, pump?” requires knowledge as to the
function and structure of both ATP and cation sites and their detailed interactions.
The structure of the cation sites is the least understood but arguably the most
significant aspect of the different pumps, since herein lies their functional specificity.

A necessary framework for a description of the sites are the models of trans-
membrane arrangement of the a chains of the related pumps, Na/K, Ca, etc. There
are several models, which differ mainly in the predicted number of frans-membrane
segments in the COOH-terminal half of the chain and orientation of the COOH
terminus, while the first four NH,-terminal frans-membrane segments and the
position of the first and the major second cytoplasmic loops are less controversial.
The models of Shull et al. (1985) and Kawakami et al. (1985) for the a chain of
Na/K-ATPase predict eight trans-membrane segments (four in the COOH-terminal
domain) with a cytoplasmically oriented COOH terminus, while that of Ovchinnikov
et al. (1986) proposes seven trans-membrane segments (three in the COOH-terminal
domain) and an extracellular COOH terminus. The model of the sarcoplasmic
reticulum Ca pump supposes that there are ten trans-membrane segments (six in the
COOH-terminal domain) with a cytoplasmic COOH terminus (Maclennan et al.
1985). The hydropathy profiles of the different pumps are similar and it is therefore
unlikely that there are in reality different numbers of frans-membrane segments.
Thus the precise chain folding, particularly at the COOH terminus, is the subject of
detailed investigation by a variety of techniques. As discussed below, this region
turns out to be crucial for the cation sites. By comparison with ATP binding sites,
which are recognizable within the major cytoplasmic loop by residues at or near the
site (see Jorgensen and Andersen, 1988), the information leading to detailed folding
models (Taylor and Green, 1989), the nature of the cation residues is still largely
speculative. One possibility is that negatively charged groups (glutamates or aspar-
tates) within trans-membrane segments are involved (Ovchinnikov, 1987), but there
are also suggestions in the literature that cation and ATP sites are in close proximity
(Klemens et al., 1988), which might seem paradoxical. In addition, glutamates at the
first extracellular loop of Na/K-ATPase (Shull et al., 1985), or, in the case of
Ca-ATPase, in the first cytoplasmic loop, the so-called “stalk” (Maclennan et al.,
1985), were also suggested to bind cations, and the NH,-terminal region of Na/K-
ATPase, rich in positively charged residues, was proposed to serve as an ion-selective
gate controlling passage of Na and K to and from the sites (Shull et al., 1985; Lingrel
et al., 1990).

Known structures of cation binding proteins and ionophores are useful prece-
dents and suggest that bound or occluded cations will be largely dehydrated and
ligated with six to eight oxygen-containing groups (including carboxyl, and/or neutral
groups such as carbonyl, serine, threonine, or phenolic hydroxyl, and/or remaining
solvation water). Residues could reside on either continuous or distant segments of
the polypeptide (see Glynn and Karlish, 1990). But of course a cation “site” on a
pump is not static. Thus different residues could be involved at the opposing surfaces
of the protein or in more deeply embedded occluded states. Movement of cations
between the surface and occluded states may occur in narrow crevices or so-called
“ion wells.”

In the absence of a high resolution structure, some insight into cation sites in
pumps is provided by studies of chemical modification of carboxyl groups, for gastric
H/K-ATPase with a K-site affinity label, by site-directed mutagenesis in the case of
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Ca-ATPase, from observations on charge transfer properties or voltage dependence
of pumps, and also by using cation analogues as probes of sites in fluorescence or
NMR studies. We have recently reviewed the state of this knowledge up to the
Summer of 1989 (Glynn and Karlish, 1990). This article will therefore summarize
very recent experiments using tryptic digestion of renal Na/K-ATPase to identify
relevant peptide segments, and modification by dicycolhexylcarbodiimide (DCCD).
The findings will then be compared with those from other techniques, particularly
the mutation experiments of Clarke et al. (19894, b) on Ca-ATPase.

The questions to be addressed include (a) the location of the sites relative to
trans-membrane segments and the ATP binding domain, (b) the nature of the
ligating groups, especially the possible role of carboxyl residues, and (c) whether Na
and K bind at the same sites. Na and K ions compete, and so a common path of
binding and transport would be the simplest possibility. Of course only two Na and
two K sites could be the same. Presumably the third Na site would be distinct.

For any chemical or genetic manipulation intended to modify cation sites, it is
highly desirable to assay cation binding or occlusion directly, rather than cation-
dependent reactions, to minimize the possibility that observed effects are indirect.
For this type of study a simple but accurate manual assay of Rb or Na occlusion was
devised by Shani et al. (1987). It is based on the great stability of cation-enzyme

TABLE I
Stoichiometry of Rb and Na Occlusion
Na Rb
Phosphoenzyme occlusion occlusion Rb/EP Na/EP
nmol/mg protein + SE
2.01 = 0.068 6.34 + 0.17 393 +0.047 196 +0.036 3.15=0.14

Reproduced from Shani-Sekler et al. (1988).

complexes at 0°C, which allows slow elution on Dowex-50 cation exchange columns
for efficient removal of free isotope. It was designed to allow measurement of
equilibrium levels of occlusion at high concentrations of the cations, which is an
important feature. Table I shows the classical stoichiometries of 2Rb or 3Na ions
occluded per pump molecule, when measured at saturating Rb or Na concentrations
(Shani-Sekler et al., 1988). Na occlusion is induced with oligomycin as described by
Esmann and Skou (1985).

Location

One might ask oneself how much of the enzyme can be digested away from the
membrane with trypsin without destroying occlusion. The answer turns out to be a
surprisingly large amount (Karlish et al., 1990)! Fig. 1 A shows a 10% Tricine gel
(Schagger and von Jagow, 1987) of fragments remaining in the membrane after
digestion of renal Na/K-ATPase with a massive, equimolar concentration of trypsin
in the presence of Rb ions and EDTA, and below the fraction of Rb occlusion
remaining. As described by Jorgensen (1975), the o chain is rapidly digested and
fragments appear and disappear. But the important point is that after 1 h a stable
19-kD fragment has accumulated, with (in this gel) some poorly resolved smaller
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fragments, while the B chain is largely intact. But the striking thing is that Rb
occlusion is essentially normal. About half of the membrane protein is solubilized.
Clearly the Rb occlusion domain is protected from the trypsin, probably within
trans-membrane segments.

The remarkable resistance of the 19-kD fragment to further digestion depends
on the presence of Rb and absolutely on the absence of Ca ions (Fig. 1 B). In the
absence of Rb or the presence of Ca the fragment does not accumulate and occlusion
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Figure 1. Tryptic digestion of renal Na/K-ATPase, with accumulation of the 19-kD fragment.
Reproduced from Karlish et al. (1990).

is lost. Unpublished experiments (Capasso, J., S. Hoving, and S. Karlish) show that K
or any of its congeners, but also Na ions, protect the 19-kD fragment. In Fig. 1 B one
can also see partial digestion of § into fragments of 40-50 kD and 16 and 14 kD
(identified as B fragments by sequencing; see Table II), and again poorly resolved
smaller fragments. When digested at pH 6.5 the p chain can be completely cut into
the fragments of 40-50 and 16 kD without loss of occlusion (unpublished experi-
ments). Thus an intact B is not required.
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The experiment in Fig. 1 suggests an intimate connection between the 19-kD
fragment and occlusion. To prove this, a quantitative correlation was made by
preparing 19-kD membranes, as we call them, digesting with trypsin in the presence
of Ca, and at different times stopping the digestion with tryptic inhibitor. The
correlation coefficient between the amount of 19-kD fragment on gels and Rb
occlusion is ~ 0.95, suggesting that the 19-kD is essential for occlusion. This does not
necessarily mean that the fragment directly binds Rb, but in fact we think it does (see
below).

TABLE II
NH,-terminal Sequences of Tryptic Fragments of a and 8 Chains

o fragments

19kD Found NPKTDKLVNERLISMA
830
Piga NPKTDKLVNERLISMA
~10kD Found SGPNALTPPGTT
68
Piga DGPNALTPPPTT
=9kD Found SGPNALTPPGTTPEN
68
Piga DGPNALTPPPTTPEN
=8 kD Found ATLDMGLEXGQ
264
Piga ATLASGLEGGQ
=7kD Found LIVTGVEEGELIFD
749
Piga SIVIGVEEGRLIFD

B fragments

16 kD Found AKEEGSIWKF
S
Pigp AKEEGSWKKF
14kD Found XIRNXEKXEFLGRTHG
14
Pig B FIWNSEKKEFLGRTGG
=50kD Found GERKVKRFXLEXLGR
143
Pigp GERKVCRFRLEWLGN

To define which peptides actually bind the ions, it is necessary to define more
precisely the components of these truncated pumps. This has been done by separat-
ing the SDS-solubilized peptides on a size-exclusion HPLC column, concentrating
the protein peaks, and then running on a 16% Tricine gel which resolves below 5 kD.
On a TSK-G3000 SW column under nonreducing conditions, four characteristic
peaks appear. The first corresponds to high molecular weight contaminants or
aggregates. Peak two contains the B chain and the 40-50- and 16-kD fragments seen
in Fig. 1 B connected by an S-S bridge. Peak three contains the 19-kD fragment about
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one-third pure. Peak four contains a family of four or five peptides of 7-11 kD,
reasonably but not perfectly separated.

The NH, termini of these peptides have now been sequenced after transfer to
Immobilon (Matsudaira, 1987) and located in the primary sequence of « or B chains
(Table II). The NH, terminus of the 19-kD fragment is unambiguously identified as
residue 830, extending toward the COOH terminus. The sequences of the family of
smaller fragments (peak four) are as follows. The first two of molecular mass ~9 and
~10 kD have the same NH, terminus, beginning at residue 68, but are different in
length. They contain putative M1 and M2. Fragment three, ~8 kD, is mainly the
peptide beginning at residue 264, containing putative M3 and M4, but here a minor
sequence corresponding to M5 is also seen. Fragment four had a sequence which, in
membranes digested at pH 7.0, could not be identified in either o or 8. In membranes
digested at pH 8.3, this ~7-kD fragment was identified as beginning at residue 750

TABLE III
Functional Properties of Control and 19-kD Fragment—containing
Membranes
Control 19-‘k]‘) fragment—
containing membranes
Cation occlusion nmolimg protein * SE
1. Rb occlusion 3.75 £0.12 7.74 = 0.15
2. Na occlusion 522+ 022 11.86 = 0.12
3. Ratio Na/Rb 1.39 = 0.074 1.53 = 0.035
ATP-dependent functions
1. ATPase activity, wmol/min per mg protein 15-21 < 2% of control
2. Phosphorylation by ATP, nmol/mg protein 1.6-2.2 <1% of control
3. ATP-displaceable eosin binding, % of total
fluorescence 11.8% <0.5%

4. Inhibition of Rb occlusion
Rb(0.1 mM = ATP [1 mM])),
% inhibition 70% Undetectable

Reproduced from Karlish et al. (1990).

and containing putative MS5. Improved separations of these peptides would probably
clean up the picture, but this information is sufficient to propose the following model
of 19-kD membranes.

Fig. 2 is based on the folding models of the a chain of Shull et al. (1985) and
Kawakami et al. (1985). (See Karlish et al. [1990] for a model based on that proposed
by Ovchinnikov [1987].) The 19-kD fragment includes putative M6, M7, and M8. It is
shown to extend to the COOH terminus, but could be a little shorter. The NH,
terminus of the smaller peptides is either close to or at the theoretical limit for tryptic
digestion. The COOH termini shown are the theoretical tryptic limit; they could be a
little longer. In one case, the sequence of the M5 fragment appears to be a
chymotryptic split. The finding of all these sequences is therefore compatible with,
but does not prove, this model. A major uncertainty is that the location of the COOH
terminus, cytoplasmic or extracellular, has not been unequivocally demonstrated.
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Studies of binding of COOH terminus-specific antibodies to whole cells (extracellu-
lar) (Ovchinnikov et al., 1988) or kidney vesicles (cytoplasmic) (Kramer et al., 1990)
have given contradictory results. It also remains to be seen if the NH, terminus of the
19-kD fragment is really extracellular as predicted here. What is clear is that >50%
of the a chain is removed, including the major cytoplasmic loops, but the predicted
trans-membrane segments appear intact. The finding of fragments beginning at
residue 68 (Table IT) in membranes occluding both Rb and Na (Table IIT) seems to
exclude a crucial role for the NH, terminus of the a chain in determining cation
binding and specificity; this region is probably involved in control of the E-E,
conformational equilibrium (Jorgensen and Collins, 1986). Clearly the big question is
how the frans-membrane segments of « are arranged in the plane of the membrane,
and which ones form the cation occlusion cage.

Functional Properties of 19-kD Membranes

Table III compares capacities for Rb and Na occlusion and ATP-dependent func-
tions in control and 19-kD membranes (Karlish et al., 1990). The top half shows that
Na occlusion capacity is intact. Specific Rb and Na occlusion are both about double
that of the control due to removal of half of the protein. The ratio between Rb and
Na is close to 1.5 in both cases. Thus all three Na (i.e., all cation sites) are preserved
in the 19-kD membranes. By contrast, ATP-dependent activities are totally de-
stroyed. Thus the ATP and cation occlusion domains have been physically separated.
In normal active transport the interactions between these domains must therefore be
indirect.

Despite the maintenance of occlusion capacity, 19-kD and control membranes
show some differences in occlusion properties. (@) For example, the apparent affinity
of Rb for occlusion is somewhat (pH 7.0) or decidedly (at pH 8.5) higher for 19-kD
membranes compared with control, while that of Na for its occlusion is significantly
lower and more cooperative than in control. (b) Deocclusion of *Rb into a Rb-
containing medium is clearly biphasic for 19-kD membranes, while only monophasic
dissociation is observed for control enzyme. Biphasic dissociation in Rb media
containing phosphate has already been described by Glynn et al. (1985) and Forbush
(1987) for undigested enzyme, and explained by ordered dissociation of the two Rb
ions. Apparently dissociation of Rb from 19-kD membranes can also be ordered. On
the “flickering gate” model of Forbush (1987), the “gate” in 19-kD membranes is
closed more often than in the control enzyme.

An obvious question was whether the entire cation transport pathway was intact
in the 19 kD-containing membranes. Proteoliposomes loaded with RbCl were
prepared from 19-kD membranes by freeze—thaw sonication. *Rb uptake was
measured. A slow passive Rb/Rb exchange, in the absence of ATP, which we have
described for reconstituted control enzyme (Karlish and Stein, 1982), was readily
detected for vesicles prepared with 19-kD membranes (Karlish et al., 1990). Again
there were some quantitative differences from the flux in control vesicles. But the
important conclusion is that the entire Rb transport path remains intact in 19-kD
membranes.
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Modification and Labeling with DCCD

The use of DCCD is not simple due to lack of selectivity and the complex reaction
mechanism. After the initial carboxyl activation, cross-linking to neighboring nucleo-
philes can occur, as well as the rearrangement to the stable N-acylurea. The
QO-acylurea can also be displaced by external nucleophiles. Pedemonte and Kaplan
(1986) have shown that in some conditions inactivation of Na/K-ATPase is caused by
cross-linking. By contrast, inactivation of cation occlusion in both control and 19-kD
membranes appears to be caused by direct modification of carboxyls (see Shani-
Sekler et al. [1988] for a discussion of possible experimental differences). Inactiva-
tion of control enzyme shows the following characteristics (Shani-Sekler et al., 1988):
(a) The rates of inactivation by DCCD of Rb and Na occlusion are identical within
error, and in addition Rb ions protect against DCCD with high affinity. (b) As a
function of DCCD concentration, inactivation of Rb and Na occlusion are also
indistinguishable, and show a first-order dependence on DCCD concentration. (c)
Inactivation of occlusion and Na/K-ATPase activity occur in parallel. (d) A number
of hydrophobic amines (e.g., 2-naphthylamine) accelerate the rate of inactivation of
occlusion. This phenomenon is possible for a carboxyl modification but is not
expected if inactivation is due to cross-linking.

Based on the inactivation kinetics, we proposed that one or a small number of
carboxyl residues in a hydrophobic environment are directly involved, and further
that K and Na ions bind to these same residues. An alternative hypothesis, that K
and Na bind to different sites, was less likely because this would imply an improbable
series of coincidences to explain the identical kinetics.

The direct test of the hypothesis, however, is to demonstrate so-called “stoichio-
metric inactivation.” The enzyme was incubated with [*C]DCCD at different concen-
trations with and without Rb ions, and Rb-protected incorporation and occlusion
were measured. There is indeed proportionality, extrapolating to about two mole-
cules of DCCD per pump for full inactivation (Goldshleger et al., 1990). However,
the accuracy of this type of experiment is not completely satisfactory due to a high
nonspecific incorporation. This is also a disadvantage for localizing the labeled
carboxyls in the a chain on which all specific labeling occurs.

The 19-kD membranes have a distinct advantage in this respect due to removal
of much of the irrelevant protein and nonspecific labeling. In these membranes one
can demonstrate a strict linear correlation of Rb-protected incorporation and
inactivation of occlusion, extrapolating to exactly one DCCD per Rb site (Karlish,
S. J. D., R. Goldshleger, D. Tal, S. Hoving, and W. D. Stein, manuscript in prepa-
ration).

For localization of the DCCD, 19-kD membranes were labeled with or without
Rb, dissolved in SDS, and run on 10 or 16% gels. The 19-kD fragment is specifically
labeled (i.e., Rb protected), as is a second smaller peptides(s) of ~9kD. The B chain
or its fragments are not labeled. Above the position of the 19-kD fragment there is
Rb-protected labeling throughout the gel. We have some indication that this is due to
cross-linking of the 19-kD fragment, but is not the cause of inactivation (Karlish,
S. J. D, R. Goldshleger, D. Tal, S. Hoving, and W. D. Stein, manuscript in prep-
aration).
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We have asked the question whether the smaller labeled peptide is a fragment
of the 19-kD peptide. There are two reasons for thinking that this is not the case.
First, we already know that tryptic fragmentation of the 19-kD membrane leads to
loss of occlusion and therefore probably also Rb protection against DCCD. Second,
by partially purifying the labeled 19-kD fragment on a TSK-3000 column a direct
estimate of stoichiometry could be made. This was close to one DCCD per 19 kD, a
value consistent with direct participation in Rb occlusion, and of course suggests the
necessity of a second fragment. Unambiguous identification of the second fragment
remains to be established.

TABLE IV
Structural Features of the Cation Sites

1. Two carboxyl groups are involved. This is based on labeling. In addition, observations of
effects of electrical diffusion potentials on reconstituted Na/K pumps suggest that the cat-
ion transporting domain contains two negatively charged groups (Goldshleger et al.,
1987); i.e., two quite different techniques point to the same conclusion.

2. Two K and two Na ions combine with the same two carboxyl-containing sites. The third
Na combines with neutral ligating groups. This is based on inactivation kinetics.

3. Therefore, the same transport path must serve Na and K ions, sequentially.

4. Cation sites are located on the « chain within frans-membrane segments. This is suggested
by DCCD labeling and the proteolysis data.

5. One carboxyl is located in the COOH-terminal 19-kD fragment; another is located in a
~ 9-KkD fragment. Labeling.

6. It is likely that the cation occluding structure consists of a complex of several frans-mem-
brane segments. A minimum of four « helices are required to create a cage for a K ion.

7. Two cation sites are ~ 4°A distant. This has been concluded on the basis of inhibition ex-
periments with a series of diamines (Schuurmans-Stekhoven et al., 1988).

8. Cation and ATP sites are separate; thus their interactions are indirect. Proteolysis experi-
ments.

Table IV summarizes the features of the emerging model. Clearly the challenge
now is to identify the precise carboxyls and trans-membrane segments involved, and
build a model of the occlusion cage.

Comparison with Information on Cation Binding Sites in Other
Pumps

A possible approach to identification of cation binding domains is chemical modifica-
tion with reactive derivatives of high affinity cation analogues. The best candidate for
such a compound has been described for the gastric H/K-ATPase. This is the class of
substituted pyridyl-1,2a-imidazoles (for example, SCH 28080), which act as high
affinity K-competitive inhibitors at the extracellular surface (Wallmark et al., 1987).
Photoreactive methylated derivatives of SCH 28080 inactivate the gastric H/K-
ATPase in a K-competitive fashion with covalent incorporation (Munson and Sachs,
1988; Keeling et al., 1989) and are not released from the membrane after extensive
tryptic digestion. Thus the site is close to or within the frans-membrane segments.
Analogous high affinity inhibitors of Na/K-ATPase, suitable for labeling studies,
have not yet been described. SCH 28080 itself is highly selective for H/K-ATPase.
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Site-directed mutagenesis of sarcoplasmic reticulum Ca-ATPase, expressed in
COS cells, has now been performed quite extensively. Of interest in the present
context are mutations in residues considered to lie either within trans-membrane
segments (Clarke et al., 1989b) or in the first cytoplasmic loop, the so-called “stalk”
(Clarke et al., 1989a). Those in the “stalk” did not affect active Ca transport; i.e.,
these residues do not bind Ca. But several mutations in putative trans-membrane
segments prevented active Ca transport and especially the ability of Ca to inhibit
phosphorylation by P, but not that of P, to phosphorylate. These residues—glu 309,
glu 771, asn 796, thr 799, asp 800, and glu 908—were suggested to bind Ca ions within
the putative M4, M5, M6, and M8 segments. Generally, our findings appear to be
compatible with the model of a binding cage within the membrane segments from M4
toward the COOH terminus. But there are ambiguities in these assignments. For
example, direct and indirect effects of the mutations on the sites might be confused
because Ca binding could not be measured (the results could be explained alterna-
tively if the protein were locked in an E, state). Also, the conclusion that four
carboxyls are involved in transport of two Ca ions, although plausible, is not easily
reconciled with observations on transient charge movements, implying that the sites
contain less than four carboxyls (see Glynn and Karlish, 1990). In fact, glu 908 was
recently mutated to a glutamine but Ca transport was not inhibited (Clarke et al.,
1990). Another source of ambiguity is the location of the residues. The four residues
analogous to glu 771, asn 796, thr 799, and asp 800 in Na/K-ATPase have been
predicted to actually lie outside the membrane, flanking the M5 segment (Kawakami
et al., 1985; Shull et al., 1985; Ovchinnikov et al., 1986). Only glu 309 is predicted to
lie within a trans-membrane segment, M4, by all the models.

Important lessons for the future seem to be that the power of mutagenesis will
be more fully realized if and when direct ion binding assays become possible in
improved expression systems, such as the Baculovirus system (De Tomaso et al.,
1990). On the other hand, the protein chemical approach is essential to prove
directly the actual rather than predicted trans-membrane folding of the chains, and
which segments or carboxyl residues are of interest for the cation binding, and hence
provide a framework for rational mutation experiments.
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Introduction

In the past five years, elucidation of the structure of the Na,K-ATPase has advanced
rapidly on several fronts. In addition to the determination of primary sequences of
various isoforms and mutant forms of the a- and B-subunits (MacLennan et al., 1985;
Schull et al., 1985), there are also several reports of electron microscopic studies of
two-dimensional crystals of the ATPase. These studies, together with the wealth of
information available from chemical modification studies of the ATPase active site
(Jgrgensen and Andersen, 1988), provide a foundation on which future structural
studies can be based. Magnetic resonance studies in our own laboratory have
provided information on the conformation and arrangement of substrates and
divalent and monovalent cations at the ATPase active site (Klemens et al., 1986;
Grisham, 1988; Stewart et al., 1989).

In spite of these advances, little has been learned until now about the conforma-
tional changes that are presumed to modulate the catalytic and transport activities of
the sodium pump. These conformation changes may involve structural changes in the
ATPase protein, structural changes in the bound substrates and cations, or both.
Manifestations of these conformation changes are evident in the ligand binding and
kinetic behavior of the ATPases. For example, ATP and other nucleotides and
analogues display biphasic binding and kinetic properties under most conditions.
Thus, the K, for phosphorylation and for ATPase activity is ~1 pM in the E,
conformation (Jensen and Ottolenghi, 1983), whereas binding to the E, form
requires millimolar concentrations of ATP for saturation.

Detection and characterization of these conformation changes will require a
physical probe technique that is sensitive to these changes in structure, either in the
protein or in its ligands, as well as a means for stabilizing the respective conforma-
tions for the times required by the probe technique. When we began in 1979 to use
the substitution-inert complexes of ATP with Cr(I1II) and Co(IIl) in kinetic and
spectroscopic studies of the plasma membrane Na,K-ATPase and sarcoplasmic
reticulum Ca-ATPase, we were seeking merely to control the distribution and
binding of divalent cations to these enzymes. We had shown (Grisham, 1979a) that
Mg’* and other divalent ions could either bind directly to the enzyme or to the ATP
substrate. Cr(H,0),ATP and Co(NH,),ATP provided us with paramagnetic and
diamagnetic substrate analogues, respectively, in which the divalent metal binding
site on the nucleotide is already occupied. Cr(H,0),ATP can be used directly as a
paramagnetic probe of active site geometry. On the other hand, the diamagnetic
probes, Co(NH,),ATP and more recently Rh(H,0),ATP, permit us to direct
paramagnetic cation probes, such as Mn** and Gd**, to sites on the enzyme itself,
even in the presence of nucleotide. Under conditions in which the metal-nucleotide
probe is stable (0—4°C, pH 6-7.5), it has been possible to conduct a variety of kinetic
and spectroscopic studies of active site structure with these enzymes (Gantzer et al.,
1982; Grisham, 1988; Klemens and Grisham, 1988; Stewart and Grisham, 1988;
Devlin and Grisham, 1990). In the course of these studies, however, we discovered
yet another use for these metal-nucleotide analogues. As first reported by Pauls et
al. (1980), under certain conditions, these complexes can slowly inactivate the
transport ATPases via formation of a covalent E-P(metal) intermediate, consisting
of a 1:1:1 complex of the ATPase, an aspartyl phosphate, and the trivalent metal ion.
These complexes represent highly stable forms of the E-P intermediate formed by
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these ATPases. The notion that these stable, inhibited complexes represent true
intermediate states in the catalytic cycles of the ATPases is supported by the
sensitivity of the inhibition kinetics to nucleotides and cations (Mg**, Na*, K*, and
Ca’") and by the observation that these inhibited intermediates strongly occlude Rb*
(in the case of Na,K-ATPase [Vilsen et al., 1987]) or Ca®* (in the case of Ca-ATPase
[Vilsen and Andersen, 1987]).

We have recently demonstrated (Stewart and Grisham, 1988; Stewart et al.,
1989) that nuclear relaxation measurements of several different types can be used to
determine the conformations of these metal-nucleotide complexes at the active sites
of Na,K-ATPase and Ca-ATPase. The ability to use these complexes to form stable
E-P derivatives raises the possibility of studying the binding of metal-nucleotide
analogues to E-P as well. Numerous observations of ATP and ADP binding to E,-P
and E,-P have been reported. In addition to the well-known ATP-ADP exchange
reaction, which requires ADP binding to E,-P, Plesner and Plesner (1988) observed
that ADP diminishes substrate inhibition of ATP hydrolysis by Na,K-ATPase, an
effect interpreted in terms of ATP binding to E,-P. In support of this interpretation,
these authors also found that free ATP competitively inhibits ATP-ADP exchange.
An earlier report (Schuurmans-Stekhoven et al., 1983) describes the rapid break-
down of E-P formed from P, and Mg®* upon addition of AMPPNP to Na,K-ATPase.
Karlish and Stein (1982) observed simultaneous but distinct effects of ATP and
phosphate on passive rubidium fluxes catalyzed by Na,K-ATPase reconstituted in
phospholipid vesicles. Similarly, we have observed simultaneous and distinct protec-
tive effects of ATP and phosphate on the inhibition of Na,K-ATPase by 2,3-
butanedione, a reagent specific for arginine residues (Grisham, 1979b). On the basis
of computer modeling of kinetic studies with the Ca-ATPase, Cable et al. (1985)
concluded that ATPase activity can be stimulated by binding of ATP or AMPPCP to
the phosphorylated form of the active site after departure of ADP but before the
departure of inorganic phosphate. The same authors also report that ATP can bind
effectively to E-P, although with an affinity fivefold less than that to the unphospho-
rylated enzyme.

In this paper we describe NMR spectroscopic studies comparing the conforma-
tion of M(III)ATP bound to the unphosphorylated and phosphorylated forms of
Na,K-ATPase. The results are consistent with significant conformation changes for
the bound nucleotide on the two forms of the ATPase.

Experimental Procedures
Materials and Enzymes

The B,y-bidentate complex of Co(NH,),ATP was prepared as described by Cor-
nelius et al. (1977). Cr(H,0) ,ATP was prepared according to Dunaway-Mariano and
Cleland (1980), and Rh(H,0),ATP was prepared according to Lin et al. (1984).
Deuterium oxide (99.8 atom %) was from the Aldrich Chemical Co. (Milwaukee,
WI), Tris-d,, was from MSD Isotopes (St. Louis, MO), and manganese chloride was
from J. T. Baker Chemical Co. (Phillipsburg, NJ). Adenosine 5’'-triphosphate was
from Sigma Chemical Co. (St. Louis, MO). All other reagents were of the highest
purity available commercially. The Na,K-ATPase was purified from the outer
medulla of sheep kidneys as previously described (O’Connor and Grisham, 1979).
Ca-ATPase was prepared from rabbit muscle according to Meissner et al. (1973).
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The preparation of the ATPases and metal-ATP analogues for NMR studies has
been previously described (Stewart and Grisham, 1988).

Nuclear Magnetic Resonance Studies

Proton NMR spectra were obtained at three frequencies: at 500 MHz on an Omega
500 MHz NMR spectrometer (General Electric Co., Milwaukee, WI), at 361 MHz on
an NT-360/Oxford spectrometer equipped with a 1200/293B data system (Nicolet
Magnetics Corp., Fremont, CA), and at 300 MHz on a QN-300 spectrometer
(General Electric Co.). The spectra were measured at 4°C with a 5-mm proton probe
and deuterium lock. The 90° pulse width was typically 7.50 ws at 361 MHz and 10.0 ps
at 300 MHz. The HDO signal was decoupled during delays before the pulse
sequences. Phosphorus NMR spectra were obtained at the same frequencies, using a
10-mm phosphorus probe and a deuterium lock.

Longitudinal relaxation times were determined from an optimized inversion—
recovery experiment and 16-20 T values were used in the 180-7-90 sequence. T,
values and their standard deviations were calculated using a three-parameter fit to
the data. This fitting routine corrects for inhomogeneities in the H, field which
produce incomplete inversion during the 180° pulse. Each point in the titration with
Mn** was measured at both 300 and 361 MHz, and 16 accumulations of 8,000 data
" points were collected per T value.

Paramagnetic contributions to the longitudinal relaxation rates of the protons of
Co(NH,) ,ATP were calculated using the program NONLIN (copyright M. L.
Johnson, Department of Pharmacology, University of Virginia), an interactive
nonlinear function minimization program that performs a weighted least-squares fit
of the data points to a specified function (in this case a straight line) by a modified
Gauss-Newton iteration. The theory for the use of nuclear relaxation measurements
in the calculation of enzyme active site distance and geometric information has been
described in detail elsewhere (Stewart and Grisham, 1988). In the limit of fast
exchange, when the rate of chemical exchange of the ligand between the coordina-
tion sphere and the bulk solvent is faster than the rate of relaxation in the first
coordination sphere, and assuming outer sphere contributions are negligible, the
Solomon-Bloembergen equation that describes the dipolar Mn**-proton interaction
is

r® = (815)° {Tw [ f (r)] (1)

where r is the Mn**-proton internuclear distance, T, is the relaxation time in the
vicinity of the paramagnetic probe, and f (7,) is the correlation function as previously
described (Stewart and Grisham, 1988). A similar equation applies for relaxation of
phosphorus nuclei by Mn**, but in this case the proportionality constant is 601
instead of 815.

Conformational analysis was done on a Silicon Graphics (Mountain View, CA)
computer using the program MMS (copyright UCSD). The basic structure of
Co(NH,;),ATP was constructed from the x-ray data of rubidium adenosine 5'-
diphosphate monohydrate and Co(NH, ) H,P,0,,H,O (Stewart and Grisham, 1988).
The conformation of the enzyme-bound CoATP was then determined using the
distances calculated from the NMR data.
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Results and Discussion

Our approach to the problem of studying the conformation of ATP analogues bound
to E and E-P depends on the following observations: (a) at 0—4°C, Co(NH,),ATP,
Cr(H,0),ATP, and Rh(H,0),ATP do not react with the ATPases, but can form
stable Michaelis-type complexes for the several hours needed for spectroscopic
studies of E-(MATP), the complex of the metal-ATP analogue with the unphospho-
rylated ATPase; and (b) at 25-37°C, Cr(H,0),ATP and Rh(H,0),ATP react slowly
with the ATPases to form E-P intermediates that retain the trivalent metal ion
(Cr(I1I) or Rh(III)). In this latter case, the E-P(M) intermediate can be isolated and
then incubated with fresh metal-nucleotide complex to form E-P(M)-(MATP), a
Michaelis-type complex of the metal-nucleotide analogue and E-P(M):

E + MATP — E-P(M) + ADP
!

Centrifuge — E-P(M) + MATP — E-P(M)-(MATP)

and resuspend

to isolate
This work will compare the conformation of MATP in the E-(MATP) and
E-P(M)-(MATP) complexes of Na,K-ATPase. (Note: although no attempt is made
here to distinguish E, and E, forms of Na,K-ATPase, it is probable that the relatively
high concentrations of ATP and ATP analogues used in the NMR studies reported
here have forced the enzyme into the E, state.)

Kinetic Studies with MATP Complexes

The ability of complexes of Cr(III), Co(IIl), and Rh(III) with ATP to replace
MgATP in the various partial reactions of the ATPases can be demonstrated in two
types of kinetic experiments: steady-state inhibition and slow inactivation. As
reported previously (Gantzer et al., 1982) and as shown in Fig. 1, these complexes are
effective linear competitive inhibitors with respect to MgGATP and MnATP. At low
MnATP, where the high affinity form of the ATP site predominates, a K, for CoOATP
of 10 pM was obtained (Fig. 1 A). From the secondary plot of the y intercepts, an
apparent K, for MnATP of 2.88 uM was obtained under the same experimental
conditions. At high levels of MnATP, where the low affinity form of the ATP site
predominates, the K, for CoATP was found to be 1.6 mM (Fig. 1 B) while the
apparent K, for MnATP was 0.902 mM. Similar results are obtained with
Rh(H,0),ATP (Serpersu et al., 1990) and Cr(H,0),ATP (Pauls et al., 1980; Gantzer
et al., 1982; Serpersu et al., 1982, 1990).

The slow inactivation of Na,K-ATPase and Ca-ATPase by Cr(H,0),ATP was
reported first by Schoner and co-workers (Pauls et al., 1980; Serpersu et al., 1982).
The inhibition in each case is accompanied by phosphorylation of the ATPase to
form a stable, inhibited complex of the ATPase containing one phosphorus and one
Cr(III) per phosphorylation site. Similar results are obtained with both ATPases
using Rh(H,0),ATP, as shown in Figs. 2 (inactivation) and 3 (phosphorylation).
Rhodium analysis of the E-P intermediates by atomic absorption spectrophotometry
yields one rhodium per phosphorylation site, in agreement with the results with
Cr(H,0),ATP. Moreover, the inhibition constants measured in these slow inactiva-
tion studies agree well with the binding constants obtained from the steady-state
inhibition studies described above (Kuntzweiler, 1990; Serpersu et al., 1990).
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P-31 and H-1 NMR Studies of E-(MATP)

There are several suitable NMR experiments that can provide active site conforma-
tion information, but each of these requires a judicious choice of the MATP probe to
be used. The key is to select a MATP probe that binds tightly enough to the enzyme
to form an observable complex, and yet is still in fast exchange. In practical terms,
this normally means that the K, for MATP from E-(MATP) is in the range 0.1-2
mM. In these studies it was found that Rh(H,0),ATP binds too tightly to Na,K-
ATPase, so that the fast exchange condition is not satisfied for this complex.
However, Co(NH,),ATP binds more weakly than Rh(H,0),ATP and does form a
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Figure 1. (A) Dixon plot of Co(NH,),ATP inhibition of MnATP hydrolysis at the high affinity
substrate site of Na,K-ATPase. The solutions contained 20 mM TES-TMA, pH 7.5, 100 mM
NaCl, and 10 mM KCI. The ATP concentrations were 1 pM (@), 3 pM (H), and 30 pM (A).
T = 25°C. (B) Dixon plot of Co(NH,),ATP inhibition of MnATP hydrolysis at the low affinity
substrate site of Na,K-ATPase. Conditions as inA. The ATP concentrations were 0.2 mM (@),
1.0 mM (W), and 3.0 mM (A).

fast-exchanging complex with the ATPase. In this latter case, P-31 and H-1 nuclear
relaxation rates were measured in solutions of Mn** and the ATPase. As shown in
Fig. 4, the presence of the ATPase causes a 6- to 10-fold enhancement of the effect of
Mn®* on the P-31 relaxation rates. The increases in 1/7, relaxation rate for the three
phosphorus nuclei of the substrate analogue are not observed in the absence of
enzyme and are not observed when diamagnetic Mg?* is added to the enzyme in the
place of Mn**. The dissociation constant for Mn’* ion from the Na,K-ATPase,
determined by Mn** EPR (O’Connor and Grisham, 1979) is 0.2 pM. Using a
dissociation constant for the binary Mn**-Co(NH,),ATP complex of 15 mM, it is
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easy to show that, under the conditions of these experiments, at least 97% of the
added Mn** was enzyme bound. Thus, no corrections must be made for the small
contribution of the binary complex to the measured paramagnetic relaxation rates
(T3). The inescapable conclusion from these data is that Mn** and Co(NH,),ATP
are bound simultaneously in a ternary complex with the Na,K-ATPase. The observed
increase in 1/T, could not occur in any other way. Under suitable conditions, as
described previously (Klevickis and Grisham, 1982), these paramagnetic effects on
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1/T, can be used to calculate the distance between the phosphorus nuclei of
Co(NH,),ATP at the active site and enzyme-bound Mn**. The results of these
calculations are shown in Table 1.

As shown in Table I, addition of Mn** to solutions of ATPase and Co(NH;),ATP
also resulted in linear increases in 1/7, of all six observable proton resonances of the
nucleotide analogue. The relative magnitudes of these slopes reflect the degree of
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€3 Figure 3. (A) Phosphorylation of Ca-
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Time (Hours) EDTA, 10 mM MgCl,, 5 uM Ca-
ATPase, and 1 mM Cr(H,0),ATP.
T = 25°C. (B) Phosphorylation of
Ca-ATPase by +vy-?P-labeled
3.0 Rh(H,0),ATP. Solutions contained
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interaction of each of the protons of Co(NH,),ATP with bound Mn®*. Thus, it is
clear from the data in Table I that the H, proton of the nucleotide experiences the
greatest interaction with the Mn?* at its site on the enzyme. In order that these
paramagnetic probe experiments might be used to determine internuclear distances
at the active site, the assumption of fast exchange must be quantitatively justified.
This has been done in the present case by (a) measurement of the paramagnetic
contribution to the transverse relaxation rates of the nuclei of Co(NH,),ATP
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Figure 4. Effect of Mn** on the longitudinal relaxation rates of the a-, B, and y-phosphorus
nuclei of Co(NH,),ATP in the presence and absence of NaK-ATPase. The solution
contained 20 mM Co(NH,;),ATP, 82 mM Tris, pH 7.4, 100 mM NaCl, 10 mM KClI, and 10 pM
ATPase.

(Klevickis and Grisham, 1982) and (b) measurement of the frequency dependence of
the paramagnetic relaxation by Mn** (Stewart and Grisham, 1988). Except for the H,
proton of Co(NH,),ATP, both these analyses provide quantitative evidence to
support the assumption of fast exchange. As shown by Stewart and Grisham (1988),
the exchange rate for Co(NH,),ATP from the ternary complex under these condi-
tions has been determined to be 1.4 X 10*s™", and the dipolar correlation time 7, has
been calculated to be 5.5 x 107 s. These values may be used as described in
Experimental Procedures to calculate the Mn**-H distances shown in Table 1. Since
the analysis of exchange rates indicates that the data for the H, proton are exchange
limited, the Mn>*-H; distance shown in Table I represents an upper limit.

The data of Table I are consistent with a model for Co(NH,),ATP bound at the
active site in which the nucleotide adopts a bent or folded conformation and the
Mn?* is above and approximately planar with the adenine ring. This model, devel-
oped on a Silicon Graphics workstation using the distances of Table I, is shown in
Fig. 5. The conformation of the Co(NH,),ATP has the glycosidic bond linking the

TABLE 1
Comparison of 1/fT,, and Mn-Nucleus Distances for E(Co(NH,),ATP) and
E-P(Rh)-(Rh(H,0) ATP Complexes

Complex

E(Co(NH;),ATP E-P(Rh)-(Rh(H,0),ATP)

Nucleus VfT, r VfT, r
s A s~ A
H, 8,522 <4.6 3,970 6.2
H, 1,323 7.4 568 8.5
H, 708 8.2 388 9.1
H, 1,198 7.5 972 7.8
H, 623 8.4 561 8.6
H;., 715 8.2 667 8.3
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adenine base to the ribose sugar in the anfi-configuration. The sequence of atoms
defining the angle is O,.-C,.-N,C,. The torsional angle about the C,.-N, bond that
links base to sugar is denoted by x. The term anti refers to the values of x in the range
of 0° = 90°. Syn refers to angles of 180° = 90°. The value of x determined from the
model built from the data of Table I is 35°. The anti-configuration is much more
generally found in purine nucleotides and their complexes in the crystalline state as
well as in solution. The conformation of the ribose ring is slightly N-type (in which C,.
is exo and C, is endo). In solution, purine ribosides normally show a small
conformation preference for the S-type conformer (in which C, is endo and C,. is
ex0) (Altona and Sundaralingam, 1973). The torsional angle § is indicative of the
puckering in the ribose and is defined by the atom sequence C;.-C,.-C,.-O,. (Saenger,
1984). The value observed here is 100°. The orientation of O;. relative to the ribose
ring is determined by the torsional angle vy, defined by the sequence O;.-C,.-C,.C,.

77
OP\O N N
o {1k
o NN
Q
O Figure 5. Conformation of Co(NH,),ATP and the en-
zyme-bound Mn?* ion at the active site of kidney
O— Na,K-ATPase. Distances were calculated from NMR
& relaxation data using a dipolar correlation time of 5.5 x

1079s,

(Saenger, 1984). The value measured in the present model is 178°, a typical value for
protein-bound MgATP (Fry et al., 1985).

To corroborate these findings, we also undertook a series of transferred nuclear
Overhauser effect measurements of Co(NH,),ATP bound to Na,K-ATPase. The
initial build-up rates of the cross-peaks in two-dimensional TRNOE studies can be
used to calculate interproton distances for the bound substrate analogue. The
interactions measured in this way are proton—proton dipolar interactions. They are
not related in any way to the paramagnetic probe interactions observed in the
presence of Mn** which were described above. Thus the two-dimensional TRNOE
experiment provides a totally independent means of determining the conformation
of a bound nucleotide at the active site of an enzyme such as Na,K-ATPase.

H-1 and transferred nuclear Overhauser effects for the protons of Co(NH, ) ,ATP
were measured in solutions of Na,K-ATPase at 361 MHz. Cross-peaks were ob-
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served between H; and all of the ribose protons of the bound ATP analogue, and also
between H,. and the other ribose protons. No cross-peaks were observed between the
H, proton (on the adenine ring) and any other proton of the substrate analogue. This
latter observation is by itself strong support for the anti-configuration proposed for
the bound analogue from the paramagnetic probe studies. Since TRNOE cross-
peaks observed after long mixing times may contain contributions from spin diffu-
sion, initial build-up rates were measured for all the detectable cross-peaks. These
initial build-up rates are inversely proportional to the sixth power of the distance
between the interacting protons. Initial build-up rates were thus used to determine
proton—proton distances as previously described (Stewart et al., 1989). These dis-
tances were used in a conformational analysis using the program MMS on a Silicon
Graphics workstation. This analysis results in a model of Co(NH,),ATP bound to
Na,K-ATPase which is indistinguishable from the model obtained from the paramag-
netic probe measurements. The agreement between these two totally independent
experiments is encouraging. This is the first time that detailed comparisons of this
type could be made, even though several NMR investigations of the active site
structure of Na,K-ATPase have appeared (see Stewart and Grisham, 1988, for a
summary).

P-31 and H-1 NMR Studies of E-P(M)-(MATP)

As noted above, a crucial requirement of all the NMR studies described in this work
is that the observed substrate analogue probe bind weakly enough to satisfy the fast
exchange limitation of the spectroscopic experiment, but still bind tightly enough to
form an observable complex at reasonable concentrations of the substrate analogue.
These constraints mean that the dissociation constant for the ATP analogue from
Na,K-ATPase under the conditions of the NMR experiment must be between 0.1
and 2 mM. In the studies of E-(MATP) described above, Co(NH, ) ,ATP fell within
this range, but Rh(H,0),ATP (the other potentially useful diamagnetic MATP
complex) bound too tightly for use in the NMR studies. A different situation was
found, however, for the phosphorylated forms of Na,K-ATPase. In our comparisons
of unphosphorylated and phosphorylated complexes of Na,K-ATPase with the
Co(IIT), Cr(11I), and Rh(III) complexes of ATP (E-(MATP) and E-P(M)-(MATP),
respectively), we have found that E-P binds MATP much more weakly than does E.
{(As noted above, E probably represents the E, state of the ATPase in the presence of
the high concentrations of ATP analogue used in these spectroscopic studies.)
Consequently, we found that Co(NH, ),ATP binds too weakly to E-P(M) for use in
NMR studies of E-P(M)-(MATP). Rh(H,0),ATP, on the other hand, binds to
E-P(M) (formed with Rh(H,0),ATP) with a K, of 0.5 + 0.2 mM (Stewart, J., and C.
Grisham, manuscript in preparation) and is thus ideally suited for NMR studies of
E-P(M)-(MATP).

The preparation of E-P(M) from Rh(H,0),ATP and the subsequent NMR
experiment are shown schematically in Fig. 6. Na,K-ATPase was incubated with
Rh(H,0),ATP until it was 90% inactivated. The enzyme was centrifuged twice at
25,000 g for 30 min at 4°C and resuspended in fresh buffer to remove ADP and
unreacted Rh(H,0),ATP. Fresh Rh(H,0),ATP was then added to a level of 10 mM
and the longitudinal relaxation rates of the P-31 and H-1 nuclei of the substrate
analogue were measured as a function of added Mn** ion. As shown in Table I,
substantial paramagnetic contributions to 1/7 are observed for each of the phospho-
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Figure 6. The protocol for the nuclear relaxation measurements of E-P(Rh)-(Rh(H,0),ATP).
Incubation conditions and other details are described in the text.

rus nuclei and protons of Rh(H,0),ATP in the presence of E-P(M). Even more
striking, however, is the observation that the observed paramagnetic effects for
several of the substrate nuclei (including H,., Hs.;., and to a lesser extent H,.) are
approximately the same as those observed in the unphosphorylated complex de-
scribed earlier. By contrast, other nuclei (including Hy, Py, and P.) display much
smaller values of 1/fT,, compared with the results with the unphosphorylated
enzyme. Based on these data and the distances calculated from them, it is clear that
some of the Mn**-nucleus distances change in the transition from the unphosphory-
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lated state E-(MATP) to the phosphorylated state E-P(M)-(MATP), while other
Mn**-nucleus distances remain relatively unchanged.

The distances calculated for Rh(H,0),ATP bound to the E-P form of the
ATPase were used to model the conformation of this substrate analogue at the active
site. Fig. 7 presents a comparison of the structures for MATP analogues bound to the
unphosphorylated and phosphorylated states of the enzyme. Two conformational
changes are apparent. The adenine ring undergoes a substantial rotation with
respect to the ribose ring, and the triphosphate chain undergoes a rotation to adopt a
more extended conformation in the E-P state. On the other hand, distances from
Mn*" to the H,., H,. and H;, ;. protons of the ribose ring are essentially unchanged.

The measurements described in these studies shed new light on several impor-
tant questions. One of these is whether the Na,K-ATPase possesses one or two ATP
binding sites per “active catalytic unit.” Our previous studies have clearly established
the existence of one Mn** binding site per phosphorylation site. The present work

Co—~
\ ~ Figure 7. A comparison of the structures determined
PJ for MATP analogues at the active site of Na,K-ATPase.
/ ) The E-(CoATP) structure was obtained independently

—R from paramagnetic relaxation and TRNOE measure-

A W ments. The E-P(M)-(MATP) structure was obtained by
E (CoATP) forming E-P from Rh(H,0),ATP, followed by isolation
of the inactive intermediate and incubation with fresh
Rh(H,0),ATP for the paramagnetic relaxation studies.
In both cases the conformation was determined by fitting
10 Mn**-nucleus distances calculated from the NMR
studies. For clarity, the Mn?* ion is not shown, but it
Rh\\ s\ occupies the same position in E-(CoATP) as shown in
P—"s Fig. 5. Though the structure in B was obtained using

4 Rh(H,0),ATP to form E-P, the position of the Co(III)
and y-P from structure 4 are superimposed in dotted

B form in B for reference.
E-P(M)-(MATP)

clearly shows that a second ATP molecule can bind in the vicinity of the Mn®* site on
the phosphorylated enzyme. The remarkably good agreement between the Mn**-H
distances to the ribose ring in the unphosphorylated and phosphorylated enzymes
are most easily explained by the one-ATP site model. We cannot rule out the
existence of two ATP sites near the Mn®* binding site, such that the Mn**-H
distances to the ribose ring loci in the two sites were identical. However, the simplest
model consistent with our data would require only a single ATP site.

On the other hand, if only one ATP site exists at the active site, the ability to
bind a second ATP after formation of E-P requires that the covalently bound
phosphate and/or the triphosphate chain of the second ATP must move somehow to
accommodate each other at the single site. Two limiting cases may be imagined: (a)
the phosphate (and metal) of the covalent E-P move to allow the second ATP to bind
with the same conformation as the first, or (b) the phosphate (and metal) of the
covalent E-P do not move, and the second ATP must adopt a different conformation
at the active site. The dramatic movement of the triphosphate chain which is
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observed in these studies upon formation of E-P is consistent with the second
limiting case. In support of this notion, the dotted letters in Fig. 7 indicate the
location of the Co(Ill) and the phosphate of the unphosphorylated form of the
enzyme. Similarly, the observation of substantially reduced affinity for nucleotides by
E-P forms of the ATPases (Schuurmans-Stekhoven et al., 1983; Cable et al., 1985) is
more consistent with an altered ATP conformation in the E-P form of the enzyme.

Further insights could be gained on the disposition of the phosphate and metal
ion of E-P and the MATP probe in these complexes by using Cr(1II) as a paramag-
netic probe of the E-P complex. If E-P is formed from Cr(H,0),ATP, leaving
E-P(Cr) as a stable complex, then NMR studies of E-P(Cr)-(Rh(H,0),ATP) should
provide information on the location of the Cr(III) probe with respect to the bound
nucleotide. If, as is the case in these studies, the triphosphate chain of the second
nucleotide molecule has been reoriented to accommodate the phosphate and metal
of the E-P(M) complex, then it is possible that the phosphate and metal may occupy
the same positions in the active site as they did during the binding and phosphoryla-
tion by the first MATP molecule. We are presently examining this question with
Na,K-ATPase, but have already completed similar studies with SR Ca-ATPase. As
described elsewhere (Kuntzweiler and Grisham, 1991), we have shown clearly that
the Cr(IIT) ion of E-P(Cr) is at the same position at the active site as the Co(III) ion
in the E(Co(NH,),ATP) complex. The implication is that the metal involved in
phosphorylation (and thus perhaps also the y-P of the ATP substrate) remains fixed
at the active site during the formation of E-P. As a result, binding of the second
molecule of ATP occurs with lower affinity (as noted above) and with a dramatically
altered triphosphate chain orientation, as shown in this work. These observations
may have important implications for the mechanisms of ATP hydrolysis and ion
transport by these enzymes.
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Introduction

Analysis of regular two-dimensional crystalline arrays of membrane proteins by
means of electron microscopy provides structural information that is not obtainable
from studies of nonordered proteins. Therefore, to determine the structure and
interactions of Na,K-ATPase in isolated, purified plasma membranes, we started
about 10 years ago to develop methods to induce difference forms of two-
dimensional crystal of Na,K-ATPase (Maunsbach et al., 1981; Skriver et al., 1981).
At present, several different forms of these membrane crystals have been described,
and for most of them a projection structure has been obtained by image processing.
For three types of Na,K-ATPase crystals we have also reconstructed the three-
dimensional shape of the protein units from series of electron micrographs of tilted
membrane crystals. This paper emphasizes the differences between the various types
of two-dimensional crystals and the derived three-dimensional models and summa-
rizes possible pathways for the assembly of the crystals.

Materials and Methods

Membrane-bound Na,K-ATPase was purified from outer renal medulla of kidney by
selective extraction of a microsomal fraction with sodium dodecyl sulfate (SDS) in
the presence of ATP followed by isopycnic centrifugation (Jgrgensen, 1974). The
specific activity of the enzyme used for crystallization was 20-40 pmol P min~"'mg
protein™' and ouabain-insensitive ATPase activity was not detectable. Polyacryla-
mide gel electrophoresis in SDS showed that the preparations were 90-100% pure
with respect to the content of the o- and $-subunits.

Purified Na,K-ATPase membranes were incubated with various combinations of
ligands and ion concentrations under different conditions of temperature, pH, and
time. For some experiments the membranes were exposed to phospholipase A,
(Manella, 1984; Mohraz et al., 1985), and dialyzed against a calcium-containing
buffer.

Assembly of crystalline arrays was monitored by negative staining and electron
microscopy. Samples were taken at different times of incubation, placed on hydro-
philic carbon films, and negatively stained with 1% uranyl acetate. Micrographs were
taken with a JEOL 100CX electron microscope at a magnification of 54,000 and
tilted projections were collected within the range of —60° to 4+60°. Selected areas of
ordered arrays of Na,K-ATPase were digitized into 512 X 512 pixel squares. Image
processing was performed with correlation averaging methods (Saxton and Baumeis-
ter, 1982; Hebert et al., 1985a). Calculations were made by the “EM” system (Hegerl
and Altbauer, 1982). The three-dimensional analysis was performed essentially
according to the methods of Henderson and Unwin (1975) and Amos et al. (1982).
Fourier analysis or correlation averaging was carried out on each projection and the
images were combined into a three-dimensional model.

Structure of Noncrystallized Enzyme

Purified SDS-treated plasma membranes from the thick ascending limb in the outer
renal medulla appear in thin sections of conventional electron microscope prepara-
tions as small, open membrane fragments with diameters of 0.1-0.6 pm. After
negative staining the Na,K-ATPase protein is observed as surface particles arranged
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in clusters and strands as first demonstrated by Maunsbach and J¢rgensen (1974).
Between the enzyme protein there are irregular areas devoid of structure which
represent the enzyme-free lipid bilayer of the membranes. The density of the surface
particles is 12,500/um® (Deguchi et al., 1977). In noncrystallized Na,K-ATPase
membranes the individual protein particles do not show a consistent substructure
even at high resolution after conventional negative staining. On the basis of the
particle frequency and enzyme activity of the preparation the surface particles are
protomers (ap-units) of the Na,K-ATPase (Deguchi et al., 1977). This conclusion is
supported by the cytochemical demonstration that ouabain-sensitive, potassium-
dependent phosphatase activity is associated with the particle-rich areas (Mauns-
bach et al., 1980). Furthermore, the particle-rich areas can be labeled with mono-
clonal antibodies against the a-subunit of Na,K-ATPase (Maunsbach et al., 1991).

The distribution of enzyme protein in isolated membranes can be modified by
cross-linking with glutaraldehyde. If the membranes are exposed to low concentra-
tions of glutaraldehyde the surface particles form large clusters, which demonstrates
that the protein units have extensive lateral mobility in the plane of the membrane
(Deguchi et al., 1977).

Two-dimensional Crystals of Na,K-ATPase Induced
with Different Ligands

Since the enzyme protein shows lateral mobility in the plane of the membrane, we
have systematically studied conditions required to assemble the enzyme units in
regular arrays suitable for analysis with crystallographic methods. Extensive crystal
formation was first observed after incubation with vanadate or phosphate and
magnesium (Skriver et al., 1981). These ligand combinations favor the E, conforma-
tion (the potassium form) of the enzyme (Figs. 1-4). Formation of crystalline arrays
is usually observed in some membrane fragments within minutes after the start of
incubation. It increases gradually over the succeeding hours and days although the
rate and extent of crystallization may vary from preparation to preparation. Both
protomeric (monomeric) and dimeric membrane crystals can be observed at the
same time in the preparations. Addition of ouabain to phosphate/magnesium
medium does not change the extent or type of crystal formation. An early step in the
assembly process is the formation of ladder-like rows of paired particles (Fig. 2)
which then appear to assemble laterally to confluent crystals with dimers as the
building blocks (S6derholm et al., 1988).

Crystals similar to those induced by vanadate/magnesium and phosphate/
magnesium have subsequently been induced by the same as well as other combina-
tions of ligands that favor the E, conformation (Demin et al., 1984; Mohraz and
Smith, 1984; Zampighi et al., 1984). Crystalline areas also form during incubation of
membranes in potassium chloride, but several crystalline centers usually appear
within each membrane fragment and each lattice system is therefore small (Skriver
and Maunsbach, 1983). Two different types of crystals (Figs. 5 and 6) have recently
been demonstrated (Skriver et al., 1989) after incubation of Na,K-ATPase mem-
branes with cobalt-tetrammine-ATP, which is a MgATP complex analogue that
binds to the low-affinity ATP-binding site of the enzyme (Scheiner-Bobis et al.,
1987). Na,K-ATPase has also been crystallized in the E, conformation (the sodium
form of the enzyme) using oligomyocin or high concentrations of sodium (Skriver et
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al., 1985) but these crystals are small and difficult to analyze with image processing
methods.

The vanadate method for Na,K-ATPase has subsequently also been found to
induce two-dimensional crystals of other membrane-bound ATPases, including
Ca-ATPase from sarcoplasmic reticulum (Buhle et al., 1983; Dux and Martonosi,
1983) and H,K-ATPase from gastric mucosa (Rabon et al., 1986).

Projection Structure of Na,K-ATPase in Membrane Crystals

The different forms of crystalline arrays induced in purified Na,K-ATPase mem-
brane have been analyzed by image processing using Fourier analysis or correlation
averaging. These analyses reveal that the two-dimensional crystals induced by
vanadate or phosphate and magnesium are either p1 crystals (Fig. 7) or p21 crystals
(Fig. 9 and 10). The unit cell in the P1 crystals is only large enough to contain one
protomer ( ~ 140,000 mol wt), while in the p21 crystals the unit cell contains one
(aB), dimer (280,000 mol wt) (Hebert et al., 1982). Two different relationships
between the interacting protomers have been observed in the p21 crystals (compare
Figs. 9 and 10) and are referred to as p21 crystal types I and II (Maunsbach et al.,,
1988). Na,K-ATPase membranes exposed to phospholipase A, in combination with
vanadate/magnesium show increased extents of crystallization (Manella, 1984; Mo-
hraz et al., 1985), but the type of pl and p21 crystalline arrays are usually the same.
However, recent image analyses have shown that some of the dimeric crystals show
deviations from perfect twofold symmetry in the projection structure (Fig. 11),
suggesting dissimilarities between the two protomers in the unit cell (Beall et al,,
1989; Hebert et al., 1990). Image processing of the linear arrays of paired protein
units observed during assembly of the crystals (Fig. 8) demonstrates that such a
ribbon corresponds to a row of protein pairs in the p21 crystal and that the individual
protein units (protomers) shows a similar shape in both ribbons and confluent p21
crystals (S6derholm et al., 1988). Most linear arrays are built of pairs of protein units
that show twofold rotational symmetry. The protein building blocks forming the
two-rowed ribbons are always oriented with their large dense domains toward the

Figures 1-6. (/) Electron micrograph of protomeric two-dimensional crystal of NaXK-
ATPase. The purified membranes were isolated from pig outer renal medulla, incubated with
0.30 wg/ml phospholipase A,, and dialyzed against 1 mM NH, VO,, 5 mM MgCl,, and 5 mM
CaCl, in 10 mM imidazole-HCI, pH 7.3, at 4°C for 1 d before negative staining. Bar, 0.1 pm.
(2)Na,K-ATPase protein assembled in linear arrays which appear to be in the process of
forming a confluent two-dimensional crystal. The enzyme was incubated in 1 mM NH, VO,
and 3 mM MgCl in imidazole-HCI buffer, pH 7.5. (3) Dimeric two-dimensional crystal type I
of Na,K-ATPase. The enzyme was incubated with phospholipase A, and dialyzed against 1
mM NH,VO,, 3 mM MgCl,, and 1 mM CaCl, in 10 mM imidazole-HCl overnight, stained after
9 d. (4) Dimeric two-dimensional crystal type II of Na,K-ATPase. Incubation time was 14 d
and the incubation medium contained 1 mM NH,VO,, 3 mM MgCl,, 12.5 P, and 250 mM KCl
in 10 mM imidazole-HCI buffer, pH 7.0. (5, 6) Electron micrograph of crystalline arrays
induced in pig Na,K-ATPase membrane with cobalt-tetrammine-ATP. The Na,K-ATPase
protein in Fig. 5 has assembled in linear arrays, while the protein in Fig. 6 forms square mesh
patterns. Purified membranes treated with phospholipase A, were incubated with 0.1 mM
CO(NH,),ATP in 10 mM Tris-HCI, pH 7.3, at 37°C for 1 h. Figs. 1-6 have the same
magnification.
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core of the ribbon (Fig. 8). Multiple-rowed arrays are built of single ribbons similar
to those forming the two-rowed arrays.

In cobalt-tetrammine-ATP-induced membrane crystals the repeating building
blocks consist of two symmetrically related particles forming a dimer (Figs. 11 and
12) (Skriver et al., 1989). With respect to shape and dimensions the protomeric units
within each dimer resemble the protomers in the two-dimensional Na,K-ATPase
crystals induced by vanadate and magnesium. This suggests that the dimers formed
by CO(NH,),ATP also consist of two interacting af3-units of the enzyme. In the
square mesh—type membrane crystals the dimers are arranged with two-sided plane
group symmetry p4 with four pairs of protein units arranged in a ring. Each unit cell
contains 4 aB-protomers and the unit cell dimensions are a = b = 141.1 A (Fig. 12).
Projection maps of vanadate-induced dimeric crystals (Figs. 9 and 10) illustrate that
the protomers interact ‘‘base-to-base” and “tip-to-tip” (Hebert et al., 1982; Mauns-
bach et al., 1988; Séderholm et al., 1988). On the contrary, adjacent protomers in
CO(NH,),ATP-induced crystals are in close contact along their long sides about a
twofold axis, i.e., with their “tips” in opposite directions (Fig. 12). Since the
relationship between the protomers in the dimer in CO(NH,),ATP-induced crystals
is different from that in crystals formed in the presence of vanadate, the conforma-
tions may also be different. The observation that dimers and not protomers are the
building blocks in cobalt-tetrammine-induced crystals is consistent with the kinetic
and binding studies of Scheiner-Bobis et al. (1987, 1989) and with the possibility that
two af-subunits of Na,K-ATPase cooperate in the catalytic cycle of the Na,K-
ATPase.

Assembly of Two-dimensional Crystals

Based on the observations described in the preceding sections, the scheme in Fig. 13
suggests assembly routes for two-dimensional membrane crystals of Na,K-ATPase.
Several factors determine the type of crystal(s) that assemble. In addition to the
characteristics and concentrations of enzyme ligands, the (af),/aB ratio in the pool
of building blocks could influence the route of the assembly. Two-rowed ribbons may
be frequent if the concentration of (af),-units is high and may lead to the formation
of large p21 crystals. The presence of a3-protomers probably favors the formation of
different multiple-rowed arrays which may cause defects in the p21 crystals. The
process may be driven toward formation of p1 crystals if aB-protomers are abundant.

Figures 7-12. Computer-averaged images from different types of Na,K-ATPase crystals. The
unbroken contour lines outline repeating protein units, while dashed lines outline the uranyl
acetate used for negative staining. Bar, 30 A. (7)Vanadate/magnesium-induced p1 crystal with
unit cell containing one protomer. (8) Reconstruction of single dimeric ribbon similar to those
observed in Fig. 2. The protein units are oriented in opposite directions and their large dense
regions are in close contact. The membranes were incubated with vanadate/magnesium. (9)
Vanadate/magnesium-induced p21 crystal of type I with unit cell containing one dimer (two
protomers) of the enzyme. (/0) Vanadate/magnesium—induced p21 crystal type II containing
unit cell with two protomers in a different association than in p21 crystal type 1. (11)
Vanadate/magnesium-induced crystal in phospholipase A,~treated membrane showing unit
cells with protomers of different shapes (heterodimer). (/2) Cobalt-tetrammine-ATP-
induced p4 crystal with tetrameric arrangement of dimers.
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Three-dimensional Structure of Na,K-ATPase

The p1 crystals induced with vanadate and magnesium have a unit cell containing
one Na,K-ATPase protomer with a height of ~120 A (Fig. 14) (Hebert et al., 1988).
This value is deduced from the location of contrast variation above the noise level
and is similar to that obtained for the enzyme in p21 crystals (Hebert et al., 1985b).
However, this height may be a minimum value since the parts of negatively stained
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Figure 13. Diagram of proposed patterns for the assembly of two-dimensional crystals of
Na,K-ATPase. Starting from randomly dispersed protomers (af-units) incubation of enzyme
with vanadate/magnesium leads to the formation of p1 or p21 crystals, while incubation with
cobalt-tetrammine-ATP leads to the formation of p4 crystals or a different type of p21 crystals.
Additionally, protomers may form dimeric or multirowed ribbons that subsequently align to
confluent p21 crystals. An intermediate step in the latter process may be the formation of
dimers that then align to dimeric ribbons. At least some of these assembly steps appear to be
reversible and, additionally, p21 crystals may change into p1 crystals upon storage.

specimens that are in contact with the carbon support film may undergo flattening
(Baumeister et al., 1986). As judged from the contrast variation in the z-direction,
and the location of a contrast minimum indicating the level of the lipids, the
protomer is asymmetrically inserted in the membrane. It protrudes almost 60 Aon
one side of the bilayer but only ~20 A on the other side. Labeling (O’Connell, 1982)
and sequence (Kawakami et al., 1985; Shull et al., 1985) studies have shown that
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much more protein is exposed on the cytoplasmic than on the extracellular side and
therefore the 60-A protrusion identifies the cytoplasmic side of the membrane.

The unit cell in p21 crystals induced with vanadate and magnesium contains two
rod-shaped protein units representing two af-protomers (Fig. 15) (Hebert et al.,
1985b) Within each unit cell the rods show a contact which is asymmetrically located
in relation to the central section of the structure. The dimer protrudes ~ 40 Aonone
side of the bilayer, probably corresponding to the cytoplasmic side, and ~20 A on
the other, probably extracellular side. The protrusion on the cytoplasmic side of the
lipid bilayer molecular represents almost exclusively the a-subunit since very little of
the B-subunit is exposed on the cytoplasmic side. A related three-dimensional model
was presented by Ovchinnikov et al. (1985), while Mohraz et al. (1987) did not
observe any protein on the extracellular side where much of the protein of the
B-subunit is known to be exposed (Kawakami et al., 1986; Ovchinnikov et al., 1986).

It is noteworthy that three-dimensional reconstructions of vanadate-induced
two-dimensional crystals of Ca-ATPase show that the Ca-ATPase molecule projects
above the lipid bilayer into the cytoplasm in a way similar to Na,K-ATPase crystals
(Castellani et al., 1985; Taylor et al., 1986). However, Ca-ATPase protein does not
project on the opposite side of the membrane, in contrast to the situation in
Na,K-ATPase crystals. This difference fits well with the absence of a B-subunit in
Ca-ATPase and the identification of the cytoplasmic projections of both enzymes as
representing a-subunits.

The protomers that represent the building blocks in cobalt-tetrammine-ATP-
induced p4 crystals are related by a dyad axis. The volume of this continuous protein
domain also suggests that it constitutes an (aB), dimer of Na,K-ATPase (Skriver et
al.,, 1990, 1991). The two protomers are connected by a bridge (Fig. 16) as in
vanadate/magnesium-induced p21 crystals (Fig. 15). However, in contrast to the
latter crystals the bridge or contact area is closer to the center of the model. It
corresponds to the horizontal construction in the upper part of the model in Fig. 16
and to the presumed level of the lipid bilayer. This observation is therefore also
consistent with the assymmetric distribution of the Na,K-ATPase molecule relatively
to the bilayer. The protomers in vanadate- and cobalt-tetrammine-ATP-induced
crystals show several basic similarities with respect to size and tendency to form
dimers. However, differences exist in shape and intermolecular association and may
be due to differences in conformations and/or surface properties.

Some crystals induced with vanadate in membranes treated with phospholipase
A, show the dimensions of p21 crystals, but are partially devoid of the expected
twofold symmetry. Thus, sections of the model in xy-planes show that the center of
the structure has a significant dyad axis but at increasing distances from the center
this twofold rotational symmetry deteriorates (Hebert et al., 1990). Moreover, the
mass distribution relative to the central xy-section is different in the two ap-units.
Although the individual volumes of the two protomers are equal they have different
shapes and the three-dimensional reconstruction reveals that one of them protrudes
more on the cytoplasmic side, while the other extends more on the extracellular side
of the membrane (Figs. 18 and 19). These structural differences may be related to
defined conformational states of the enzyme. It seems likely that the protomers
represent two different conformational states rather than a continuous distribution
since the protein units form crystals and since they show two distinct structures at the
present resolution level. The different relationships between the protomers and the
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lipid bilayer may be functionally important since conformational changes during the
pumping cycle of the enzyme are associated with changes in the location of the
af-subunit relative to the lipid bilayer (J¢rgensen et al., 1982).

Recently, a resolution better than 3 A has been obtained in extremely well-
ordered membrane crystals from the purple membrane on Halobacterium halobium
(Henderson et al., 1990). At this level of resolution it starts to be feasible to identify
amino acid residues in the membrane protein. In Ca-ATPase crystals a resolution of
~6 A has recently been demonstrated (Stokes and Green, 1990). The three-
dimensional reconstructions of the Na,K-ATPase protein in the pl, p21, and p4
crystals have an estimated resolution in the x and y directions of 20-25 A. At this
resolution some interactions and basic structural characteristics of the Na,K-ATPase
protein can be resolved and presumably also certain conformational changes as
discussed above, but ion channels or specific amino acids are far from demonstrable.
The main limitation to achieving higher resolution is the internal order of the
Na,K-ATPase crystals. Further progress toward high resolution studies of Na,K-
ATPase membranes will therefore focus on obtaining larger Na,K-ATPase crystals
with a higher degree of order as well as the application of methods for cryoelectron
microscopy.
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Abstract

The present article is concerned with the oligomeric structure and function of the
Na,K-pump (Na,K-ATPase). The questions we have addressed, using radiation
inactivation and target size analysis as well as ligand binding, are whether the
minimal structural unit and the functional unit have more than one molecule of the
catalytic subunit, o. We first discuss the fundamentals of the radiation inactivation
method and emphasize the necessity for rigorous internal standardization with
enzymes of known molecular mass. We then demonstrate that the radiation inactiva-
tion of Na,K-ATPase is a stepwise process which leads to intermediary fragments of
the a-subunit with partial catalytic activity. From the target size analysis it is most
likely that the membrane-bound Na,K-ATPase is structurally organized as a dipro-
tomer containing two a-subunits. Determination of ADP- and ouabain-binding site
stoichiometry favors a theory with one substrate site per (af8),.

Introduction

To understand how the Na,K-pump (here also called Na,K-ATPase) effects the
uphill, active transport of Na* and K* across cell membranes it is necessary to have a
detailed knowledge of not only the chemical reaction mechanism of (Na* + K*)-
activated hydrolysis of ATP but also of the structural properties of the pump and its
organization in the membrane. This paper is mainly concerned with the latter
subject.

The building blocks of the membrane-bound Na,K-Pump are the a-subunit and
the B-subunit, probably present in equimolar amounts. The protein molecular
masses () are 112 and 35 kD for a and B, respectively (perhaps there is also a small
y-subunit with m = ~ 10 kD; this will be disregarded here). The a-subunit has all the
ligand binding sites and is therefore called the catalytic subunit. The possible role for
the B-subunit in expressing and organizing the pump is discussed in several papers in
this volume.

This chapter concerns the questions of whether the functional unit of Na,K-
ATPase has more than one molecule of the catalytic subunit and whether all the
a-subunits really have catalytic sites. Like many other transport systems, including
other transport ATPases (Ngrby, 1987), the oligomeric structure and function of
Na,K-ATPase is still a controversial subject that is hotly debated (Askari, 1988;
Reynolds, 1988), and it appears that there are not only conflicting views but also
conflicting experimental evidence.

In some of our own studies discussed below (Jensen and Ngrby, 1988, 1989;
Ngrby and Jensen, 1989) we have used radiation inactivation to determine target
sizes (TS) and radiation inactivation sizes (RIS; Beauregard et al., 1987), for the
different properties of Na,K-ATPase. Furthermore we shall report and discuss some
hitherto unpublished measurements of the ligand binding stoichiometry (in nano-
moles per milligram protein) for ADP and ouabain binding to highly purified
Na,K-ATPase preparations. The results from both types of investigation clearly
point toward an oligomeric minimal functional unit containing two a-subunits, i.e.,
equal to (aB),. Furthermore, if we take into account earlier experiments showing
apparent negative cooperativity between high affinity ATP and ouabain binding sites
(Ottolenghi and Jensen, 1983; Jensen et al., 1984), we arrive at the conclusion that
the pump may be arranged in a tetrameric complex (af3),.
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Radiation Inactivation and Target Size Analysis
Fundamentals of Target Size Analysis

One of the physical methods that has been used to assess the size of the structural
and functional units of enzymes and in situ membrane transport systems is radiation
inactivation and target size analysis. The basic principles are as follows: when
biological samples are irradiated with high energy electrons, the interaction of the
electrons with the molecules studied results in loss of structure and function. The
quantitative evaluation of these phenomena (target size analysis) depends on the
following premises and events (Kepner and Macey, 1968; Jung, 1984; Harmon et al.,
1985; Beauregard et al., 1987):

(@) Only hard x-rays, y-rays, or high energy electrons from a linear accelerator,
and not protons or a-particles, will fulfill the requirements for a quantitative method.

(b) The physical absorption of energy from fast, charged particles results in
so-called primary events, i.e., ionization of atoms, where an orbital electron is
stripped from the atom, leaving behind a positively charged protein.

(c) The ionizations occur randomly throughout the volume of the sample. With
the type of radiation mentioned in (a ), the distance between ionizations (or “hits”) is
>1,000 A, i.e., much larger than the diameters of most proteins (50-150 A). Under
these conditions the ionization events can be considered to be independent.

(d) The primary ionization events release an enormous amount of energy (~ 60
eV per ionization; see below), enough to break several covalent bonds in a protein.

With these premises, one can use the statistical Poisson distribution formula to
calculate the probability, P(n), of n events taking place in a given volume, V nr’, of
the sample. In our treatment here, V is a radiation-sensitive volume of the Na,K-
ATPase molecule studied. If the radiation dose, D', expresses the number of
inactivating events per cubic meter produced randomly throughout the material,
then VD' is the average number of events in V and:
eV (vD'y
T o)

(Hutchinson and Pollard, 1961; Kempner and Schlegel, 1979; Jung, 1984; Harmon et
al., 1985). If one hit (one ionization) is sufficient to destroy the structure, and thereby
the function, in the sensitive volume V, then the surviving structures are those that
received zero hits during the time of the experiment (n = 0 in Eq. 1). Expressed as
the fraction of original, native molecules, this is:

S/So=ev"  or A/A,=e V" )

where § and A4 stand for peptide structure and biological activity, respectively. To use
these equations to determine target sizes or radiation inactivation sizes of sensitive
domains expressed in molecular mass units, kilograms per mole, they are trans-
formed as follows (doses are measured in Gy [joules per kilogram] and not in events
per cubic meter, target size is measured in kilograms per mole = kilodaltons and not
in cubic meters):

D(Gy) = D’ (events/m’)-1/p(m’/kg)-Q (eV/event)-1.6-107" (joules/eV)  (3)
m (kD) = V(m*/target)-p(kg/m?)-6.023-10* (molecules/mol) 4)

P(n) =
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Combining Eqs. 3 and 4 we get:
m D-p m
T p6.023-10° Q-1.6:107°  0-9.64-10*

VD' D )

Insertion of Eq. 5 into Eq. 2 and logarithmic transformation lead to:
In(5/8;) = —yD and In (A/4,) = =D 6)
where
vy = m/(Q-9.64-10%).

If the property investigated disappears as a monoexponential function of dose,
D, if D(Gy) for the sample can be measured accurately, and provided Q is known,
then m can be determined from the slope (—vy, Gy™) of In (§/S,) or In (4/A4,) vs. D,
because:

m (kD) = y(Gy™")-Q-9.64-10* (7

Note that the decay constant vy is the reciprocal of the dose at which the property
investigated has been reduced to 37% of the original value: y = 1/D;,, because e
0.368.

We shall briefly consider whether the basic requirements for the quantitative
use of Eq. 7 are fulfilled. First, the dose measurements (and therefore the slope vy)
are of course subject to random error, but what is more serious, there can also be
systematic errors (Lo et al., 1982; Lai et al., 1987). Even if dose is measured very
accurately and reproducibly by, for example, a calorimeter that accompanies the
samples in the accelerator, as in our studies (Jensen and Nerby, 1988), there is
generally no guarantee that the dose absorbed by the samples is the same as that
absorbed by the calorimeter (but hopefully and most likely D [sample] is proportional
to D[calorimeter] and/or D[sample]/D [calorimeter] is not far from 1, see below).
Second, the value for Q is not known with sufficient accuracy, and it may well vary
with experimental conditions (for temperature effects, see below). In early work,
values of 80-110 eV, e.g., based on energy loss of charged particles in gases, was used
(Hutchinson and Pollard, 1961; Rauth and Simpson, 1964). The latter authors
showed, however, that for carbon, hydrocarbons, and combinations of materials of
low atomic number, the average energy loss per inelastic event was lower, namely,
60 = 10 eV. The uncertainty of the value of Q clearly can introduce an error in the
calculation of m by Eq. 7. A third complicating factor, not apparent from the
theoretical treatment above, is the effect of temperature on the decay constant vy.
The observation is that the lower the temperature of the sample during irradiation,
the lower the value of y. The mechanism for this effect is not entirely clear, especially
since the primary effects of the initial collisions, the ionizations, are not temperature
dependent (Kempner et al., 1986; Beauregard et al., 1987). Kempner et al. (1986)
have compared the change in radiation sensitivity with temperature of biological
macromolecules and synthetic polymers and conclude that the temperature effect is
related to the formation and reactions of free radicals on the affected macromole-
cule, subsequent to the initial collision. In some cases, where the temperature
sensitivity of the dosimeter is the same as that of the biological macromolecule
investigated, the temperature effect is not observed. This occurs when bleaching of
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Blue Cellophane (Du Pont Co., Wilmington, DE) is used for dose measurement
(Jung, 1984). The temperature factor on v is considerable, i.e., ~2 per 100°C (here
the dosimeter is temperature independent: Kempner and Schlegel, 1979; Kempner
and Haigler, 1982; Jensen and Ngrby, 1988) but there are some variations (Fluke,
1987).

Empirical Standardization of Target Size Analysis

From the above discussion it is obvious that although the linear relationship between
molecular mass, m, and the decay constant, vy (=1/D,,), may reflect fundamental
properties of the interaction of fast electrons with biological macromolecules, the
quantitative evaluation is far from straightforward. It has therefore been necessary to
determine empirically the relationship between m and vy (=1/D,;). The most com-
monly used equation is that of Kepner and Macey (1968), based on a collection of
corresponding values for m and D,, published from 1951 through 1967:

m (kD) = v(Gy™)-6.4-10° (8)

All their data are from lyophilized preparations irradiated at room temperature, and
m ranges from 0.5 to 5-10° kD. The average value for Q (eV/event, see above) derived
from a log/log plot of “Mol. Wt.” vs. “D,,” is 66 eV. This value, and thus the factor
6.4, is, however, determined with a considerable degree of uncertainty, the possible
range being from 50 to 100 eV. Eq. 8 has been widely used under conditions differing
from those under which it was originally established. Beauregard et al. (1987) have
combined this equation with the temperature dependence established empirically by
Kempner and Haigler (1982):

log m(kD) = 6.89 + log v.(Gy™') — 0.0028+¢ 9)

(Note that this equation assumes that the factor 6.4 [Eq. 8] is valid at 30°C.)

Both Lo et al. (1982) and Lai et al. (1987) have discussed and criticized Eq. 8,
and thus Eq. 9. They point out that the methods of dose measurement vary, that the
original D,;’s often are in units that are difficult to convert to rad (or Gy) and
therefore difficult to compare, and that many of the molecular weights used are
incorrect and outdated. We agree with these conclusions and find the routine use of
Eq. 8, combined with the temperature correction (9), too uncertain and inaccurate
for our purpose. In studies of transport ATPases it is a further drawback that Kepner
and Macey (1968) have no data in the m range 10>-10° kD.

An alternative approach to the application of Egs. 8 and 9 is the use of one or
several standard proteins and enzymes of known molecular mass which are irradi-
ated in the same experimental setup as the samples. Subsequent measurements of
structure and/or biological activity allow determination of the decay constant vy for
each standard (see Eq. 6) and thereby the construction of a standard curve, which
shows vy vs. m (cf. Figs. 4 and 5 in Jensen and N¢rby [1988]). This might obviate the
theoretical need to know the exact doses, that the samples received (the
factor = D[sample]/D [dosimeter]), the exact value of O, and the “temperature
correction factor” (Eq. 9).

There are two types of standard curves, one based on measurement of peptide
integrity and one based on activity measurements. Examples of the latter type are
given by Lo et al. (1982), Venter et al. (1983), and Lai et al. (1987). We have
constructed a standard curve by irradiating four different proteins with 10 MeV
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electrons at a dose rate of ~2 Mrad/3 min. The proteins were the albumin monomer
and three enzymes: bacterial rhodopsin, glucose-6-phosphate dehydrogenase (G-6-
PDH, from Leuconostoc mesenteroides), and B-galactosidase, the radiation-mediated
breakdown was measured by SDS electrophoresis, and the molecular mass of the
monomers was used. We have further demonstrated that G-6-PDH activity, which is
elicited by the dimer of this enzyme, also lies on this standard curve with m
corresponding to the dimer, as generally accepted (McIntyre and Churchill, 1985).

In theory, and as outlined by Kepner and Macey (1968), it should be possible
from standard curves as those described above to arrive at an estimate of Q because
the slope of the standard curve according to Eq. 7 is inversely proportional to Q,
namely “slope” = 1/(Q-9.64-10%). It is also clear, however, that an estimate so
obtained will contain a temperature factor as well as a factor characterizing the
discrepancy between D (sample) and D (dosimeter). The mean value for Q from the
data of Kepner and Macey (1968) was 66 eV. Our data corrected for the temperature
difference (Jensen and Ne¢rby, 1988) gave 54 eV. Recently le Maire et al. (1990) have
studied the radiation-induced fragmentation of nine standard water-soluble proteins
also using SDS-gel electrophoresis and developed a calibration curve of 1/D;; vs. the
known monomeric molecular masses in the range of 20-120 kD. Their curve
corresponds to a value for Q of ~90 eV. le Maire et al. (1990) note on p. 437 of their
paper that they find a value ~35% higher than Kepner and Macey’s and that our
value is also higher. This is not so. Our value is ~20% lower than 66 eV and thus only
~60% of le Maire’s. The fact that these values are quite compatible with those
calculated or determined by purely physical principles as mentioned earlier in this
paper, and that they fall within a factor of 2 of each other, suggest that the
temperature effects do not differ too much between these series of experiments (see
also Jensen and Ngrby, 1988) and that D (sample) is not radically different from the
measured doses, D(dosimeter). Nevertheless, the differences between the standard
curves clearly illustrate that it is imperative to have a standard curve for each
individual experimental arrangement. Considering the many factors that influence
the value of Q, it is not justified to analyze the discrepancy between the Kepner and
Macey standard curve (“Q” = 66 V), which is based on activity measurements, and
that of le Maire et al. (“Q” = 90 eV), based on fragmentation analysis, in the manner
that le Maire et al. (1990) do. They conclude that this difference ““ . . . show][s] that a
small but significant proportion of the molecules hit are inactivated without being
fragmented, as detected by SDS/PAGE. . .. " As outlined above (even disregarding
all the reservations one could have in connection with the basic data of Kepner and
Macey) the difference in “Q” could just as well (and more likely?) be due to
systematic deviations in the measurement of the true D (sample).

Instead of establishing a full standard curve, one may also use one internal
enzyme standard. The glucose-6-phosphate dehydrogenase just mentioned has proven
useful in this respect (McIntyre and Churchill, 1985; Jensen and Ngrby, 1988; Ngrby
and Jensen, 1989).

The Oligomeric Structure of the Na,K-Pump
Results from Radiation Inactivation

The target size (TS) for the a-peptide of Na,K-ATPase and the radiation inactivation
sizes (RIS) for several of its enzymatic properties, obtained by us during the last
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three years, are given in Table 1. Without presenting a detailed review of all the
published TS and RIS values for Na,K-ATPase (for some references, see Glynn,
1985; Ngrby, 1987; Jensen and Ne¢rby, 1988) we would like to emphasize that our
values are generally lower than (in a few cases equal to) those published earlier. The
reason for this may be that we have used our own calibration curve, and have taken
great care to avoid artifacts such as secondary effects of free radicals in the medium,
and to avoid aging or repeated thawing and freezing of samples after irradiation,
which lead to progressive denaturation (and possibly also disintegration) of the
enzyme molecules. These artifacts would result in higher decay constants and
thereby higher TS and RIS values.

The values in Table I, which fall in three categories, namely, equal to, lower
than, and higher than m (o), are described and discussed extensively in the original
papers. We shall here emphasize the following points:

(a) TS or RIS = m(e). TS for the a-peptide integrity is identical to m (o) = 112
kD. This shows that there is no transfer of radiation energy between the subunits of

TABLE I
Radiation Inactivation Sizes for Na,K-ATPase
Property kD
T1* occlusion, T1* binding, total capacity 40-70
ATP, ADP, and ouabain binding, total capacity 70
K-pNPPase activity, V,,, 106
ATP, ADP, ouabain, and vanadate binding with original affinity 110
a-peptide integrity, target size 115
Na-ATPase activity, V., 135
Na,K-ATPase activity
(10 uM ATP in assay) 140
(50 pM ATP in assay) 163
(3 mM ATP in assay), V.., 190
TI* occlusion, T1* binding with original affinity 192

Jensen and Ngrby, 1988, 1989; N¢rby and Jensen, 1989.

Na,K-ATPase. A similar result was obtained by Karlish and Kempner (1984) for the
a-peptide, and TS close to the monomer M, was found by Kempner and Miller (1983)
for the hexameric glutamate dehydrogenase, by le Maire et al. (1990) for 12 soluble,
oligomeric proteins, and by Rabon et al. (1988) for the oligomeric H,K-ATPase from
gastric mucosa, although it had earlier been claimed that TS for H,K-ATPase was
~2.5 times M, for the monomer (Saccomani et al., 1981; Beauregard et al., 1987). We
consider it the rule that there is no energy transfer between noncovalently related
peptides and that therefore TS is equal to the subunit size (as also concluded by le
Maire et al., 1990). The unmodified, ‘“native” binding of nucleotide, vanadate,
ouabain, and the K'-activated p-nitrophenylphosphatase activity all have RIS =
m(a). This substantiates the lack of destructive energy transfer between subunits and
strongly suggests that the a-monomer retains important, unmodified biological
function. Destruction of a neighboring a-subunit (if there is any) or of the B-subunit
seems to have no influence on these properties.

() RIS lower than m(a), namely for total binding capacity for ATP, ADP,
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ouabain, and the K*-congener T1*. From our published binding experiments it is
obvious that some partly damaged Na,K-ATPase molecules retain the capacity to
bind the ligands mentioned, albeit with affinities that are lower than those for native
binding. This is contrary to the previous general belief that one hit by a high-energy
electron would completely fragment and destroy the entire target peptide (see also
Introduction, Ngrby and Jensen, 1989). Accordingly, radiation inactivation and
fragmentation must be considered a stepwise process involving sensitive domains
rather than entire peptides. In our analysis of each of the ADP, ouabain, and
TI*-binding isotherms, we have assumed that the irradiated samples contain two
populations of binding sites, one with “native” properties residing on the undamaged
molecules, and another with lower affinity which is located on some of the partly
fragmented a-peptides. This analysis shows that the modified binding sites are
located on a “70-kD domain” in the fragmented subunits. If this domain is destroyed
by a second hit the binding capacity is lost. This concept is illustrated in Fig. 1, which
also shows that a RIS of 70 kD is not equal to a TS of 70 kD, i.e., the different
peptides that have the intact “70-kD domain” may in principle have molecular
masses in the range lower than 112 but higher than 70 kD. The model in Fig. 1

Figure 1. The stepwise destruction of

an a-monomer by radiation inactiva-
tion. In this model the monomer
/ \ consists of a 70-kD (shaded) and a

42-kD domain, and the first inactivat-

m ing step is related to a hit in one of
the two domains. The function of the
affected domain is destroyed, but the

remaining structure, the peptide, can
still be larger than 70 (right side) or 42
kD (left side), so that a spectrum of
peptides is produced.

provides an explanation for our inability to demonstrate sharp bands with m < m (a)
on Coomassie blue stained SDS-PAGE gels. Furthermore, the fragments are pro-
duced and destroyed in the radiation process, and calculations show that in total they
never amount to more than ~ 18% of the original amount of « in the sample (Fig. 4 in
N¢rby and Jensen, 1989). Recently le Maire et al. (1990) irradiated a number of
soluble proteins and observed the appearance of peptides with lower M, than the
subunits. For some proteins the pattern of peptide bands produced on the SDS gels
suggests that some bonds are more susceptible to radiation-induced breakage than
others; for other proteins no distinct bands, but rather a smear, appears after
irradiation.

In an attempt to demonstrate in a direct way the presence of functionally active
fragments of the a-peptide, we have phosphorylated samples of the irradiated
enzyme using [y-P]ATP and subjected the isolated phosphoenzymes to gel electro-
phoresis with the result shown in Fig. 2. It appears that several peptides with a
molecular mass between 100 and 40 kD, with a predominating group around 90-60
kD, can be phosphorylated, and they therefore must have a functional ATP binding
site. Hints that rather small peptides may have functional capacity come from the
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expression studies of Fambrough and Huang (1991) in which synthesis of an
ATP-binding 47-kD fragment of « was shown, and from Karlish et al. (1990), who
after extensive trypsinolysis of the a-subunit could isolate a 19-kD fragment as a
likely candidate for K* (and Na®) occlusion. The fact that there are several
fragmented, ATP-binding peptides, could justify a Scatchard plot analysis with a
multitude of binding constants instead of just the two in the simple model we used.
This might result in another relationship between total binding capacity and radia-
tion dose, and thereby (an)other RIS value(s) for that property, perhaps more in
accordance with the picture in Fig. 2. Unfortunately our binding data, although very
accurate, cannot support a complicated analysis with more than two populations.

1500 4 T T Figure 2. Demonstration of
116 97 66 g 45 phosphorylated fragments of
: the a-peptide of Na,K-ATPase
from pig kidney. The enzyme
was irradiated (Jensen and
Norby, 1988) with 4 Mrad (40
kGy), and a sample phosphory-
lated with [y-*P]ATP for 60 s
at 0°C (Klodos et al., 1981), the
phosphoenzyme was precipi-
tated with Na-phosphate/phos-
R . phoric acid at pH = 2.4 and
0 T T T T spun down in an airfuge in the
0 10 R0 30 40 50  cold. The pellet was resus-
Slice no. pended in ice cold trisphos-
phate buffer, pH 6, containing 2.5% lithium dodecylsulphate (LDS), 1.7% sucrose and 1%
mercaptoethanol, and samples containing ~40 pg protein were applied to a 7.5% polyacryl-
amide slab-gel containing 1% LDS. Electrophoresis was performed at 4°C, 1 hat25V,5h at
100 V, with trisphosphate buffer, pH = 6, containing 1% LDS. The gel was then cut in 1.5-mm
slices, which were counted for *P in the scintillation counter, full curve. A nonirradiated
sample containing the same amount of unmodified a-peptide as the irradiated sample was
treated likewise (dotted curve). Contaminating unbound *P appears at the bottom of the gel at
slice 75-85 (not shown). The phosphorylation is Na*-stimulated and the phosphoenzymes are
sensitive to ADP and K*. The positions of molecular weight standards and the B-subunit are
indicated in the figure.
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(c) RIS values larger than m(a). The RIS for V,, for Na,K-ATPase and for
unmodified binding and occlusion of the K"-congener TI* is ~ 190 kD. The latter two
phenomena are closely related and one explanation for these RIS’s is that an
assembly larger than an a-monomer is structurally (but not functionally) involved in
performing the full Na,K-ATPase cycle and Na*,K™ transport. From many experi-
ments we can say with certainty that the RIS for the full cycle functions is larger than
m(af) = 147 and smaller than m(a), = 224. The comprehensive model we have
developed to explain our TS and RIS data (Table I) is shown as Fig. 9 in N¢rby and
Jensen (1989), and in an abbreviated form in Fig. 3, 4 or B (see also below) of this
article. In this model the o-subunits are organized as dimers, («),, in the membrane
and for reasons discussed previously, there is no need for any functional assignment
of the B-subunit. The radiation inactivation of the (a),-dimer, also symbolized by
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(112/112), follows a stepwise model involving two sensitive domains (42 and 70 kD)
as described above under (b). A single a-subunit has full, native Na,K-ATPase and
T1"-occluding activity provided its secondary and tertiary structure is preserved. This
can be done by structural stabilization from a neighboring a-peptide in a (112/112)
dimer, or from a neighboring a-peptide fragment, i.e., in a (112/70) complex. This
modelyields a theoretical RIS for the unmodified activity of 112 + 70 = 182 kD. The
model analogously assumes that (112/112), (112/70), and (70/70) all have Na-ATPase
activity, which give a calculated RIS for Na-ATPase of 140 kD. Fig. 3 of the present
paper illustrates, with simplified versions of the original model (N¢rby and Jensen,
1989), three hypotheses for the functional, dimeric arrangement of a-subunits and
their radiation inactivation. In the native dimer, column I, the two subunits both have
activity and binding sites in A, only one of the subunits in the dimer have activity in B,

1 I I Figure 3. Three models (4, B, and

C) for a dimeric assembly of the
A ¢ . r _.O a-peptide of Na,K-ATPase and its
Sy radiation inactivation. Column I

shows the native, undamaged dimer.

e \ The « peptides marked with a have
- J full Na- and Na,K-ATPase activity,
B @ Q and those marked with a' have only
~ ~ NS Na-ATPase activity. In C there is a
common ATP-binding site and the

two peptides must cooperate to pro-

vide full activity. Column II shows the
Cc -\ dimers after destruction of the “42-kD
domain” in one of the a- subunits (cf.

Fig. 1 and Ne¢rby and Jensen, 1989).
The full Na,K-ATPase activity (if there was any) of the intact a-peptide is retained (AIl and
BII) because it is structurally stabilized by its neighbor peptide. In column III (4 and B) one
a-peptide is totally destroyed (at least the “70 kD domain” has disappeared) and the intact
a-peptide has lost its ATPase activity completely due to unfolding of the subunit. The RIS
values for V,,, of the Na,K-ATPase activity would be 182 (4), 182 (B), and 224 kD (C), and

140 (A4), 140 (B), and 224 kD (C) for Na-ATPase activity (see Ngrby and Jensen, 1989) for
calculations.

and in model C, the two subunits share the binding site and the activity (units marked
by a have Na- and Na,K-ATPase activity and normal T1” occlusion, units marked by
a' have Na-ATPase activity). Calculations will show that the observations in Table I
do not allow us to discriminate between models 4 and B because they will give
identical RIS values. Measurement of ligand binding stoichiometry (next section of
this paper) is one way to evaluate the possibility of a dimeric a, structure with only
one binding site like model B. Model C, however, where Na- and Na,K-ATPase is
dependent upon two intact a-subunits, corresponds to a RIS of 2 x 112 = 224 kD for
both Na- and Na,K-ATPase activity and must therefore be discarded.

Our conclusion from these studies is that the Na,K-ATPase is organized as a
structural dimer (diprotomer [aB),, although we cannot in fact exclude higher
molecular weight oligomers) containing two structurally stabilized, but functionally
independent, a-peptides. The B-subunits do not appear to have a functional,
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catalytic role in this complex (for some references see Ngrby, 1989). Recently, the
oligomeric nature of the membrane-bound Na,K-ATPase has been studied by other
physical or biochemical techniques. Electron spin resonance that measures the
mobility of spin labels attached to Na,K-ATPase in situ points to a minimal structural
unit of (af), and perhaps also higher oligomers (Esmann et al., 1989). Likewise,
Hayashi et al. (1989), using a combination of techniques including low angle laser
scattering photometry and high performance liquid chromatography, could demon-
strate an equilibrium between af-protomers and (af), diprotomers in solubilized
enzyme, the equilibrium constant being such that diprotomers or higher oligomers
would predominate in the membrane. All oligomeric populations, as well as the
aB-protomers (although they are unstable), seem to exhibit the same Na,K-ATPase
activity per amount of «, as we have suggested from the radiation inactivation
studies.

Minimal Functional Unit Evaluated from Ligand Binding Stoichiometry

Over the years several characteristics of the internal stoichiometry of ligand binding
to Na,K-ATPase have been convincingly established: in a given nondenatured prepa-
ration of Na,K-ATPase, the number of high affinity binding sites for nucleotides,
vanadate, and ouabain, and for phosphorylation by P, and ATP are all the same (for
references, see Ngrby, 1983), and it has been shown that ouabain binds to the same
a-subunit that is phosphorylated (Forbush and Hoffman, 1979). Furthermore,
Na,K-ATPase binds and occludes two ions of K* or its congeners Rb* and T1*, and
probably three Na*-ions per ADP site (Jensen and N¢rby, 1989; Vilsen et al., 1987).

Surprisingly enough, however, there is still considerable uncertainty as regards
the minimum equivalent unit, the minimal molecular weight, as determined by the
binding site concentration expressed per milligram of protein. Theoretically the
minimal molecular weight of an enzyme that has one binding site per minimal unit is
the reciprocal of the binding site concentration. The determination requires both
accurate binding measurements corrected for unspecific binding and often involving
extrapolation to infinite ligand concentration (Ngrby and Jensen, 1988), and an
accurate and “true” determination of the protein concentration. Generally, the
binding data can be obtained on purified preparations (and due to the specificity of
e.g., ADP and ATP binding, also on less pure preparations although ouabain binding
has a low-affinity, unspecific component) without serious problems. The controversy
as to the stoichiometry of binding is therefore concentrated on the protein determi-
nations. Actually this controversy has been around for the last decade as is evident
from inspection of the proceedings of the previous three Na,K-ATPase meetings
(Nerby, 1983; Ottolenghi and Jensen, 1985; Reynolds, 1988). The routinely used
methods in most laboratories are based on the Lowry method (Lowry et al., 1951)
and the problem has been (or is) to what extent, if at all, these methods overestimate
the protein concentration in the purified Na,K-ATPase preparations. If the minimal
unit is the af-protomer with m = 147 kD, the site concentration should maximally be
6.8 nmol/mg protein, if it is the (af),-dimer it should be 3.4 nmol/mg protein.
Laboratories that use the Lowry method with a correction factor based on amino
acid analysis of either the albumin standard (Moczydlowski and Fortes, 1981,
correction factor 1.07-1.18) or a pure Na,K-ATPase protein standard (e.g., Vilsen et
al., 1987; Jergensen, 1988; no correction factor published) can find values of 5-6
nmol/mg protein of TNP-ATP-, vanadate- or ouabain binding, or phosphorylation.
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(Note that Hayashi et al. [1989] report that they corrected their protein determina-
tion by multiplication with 1.144, whereas in an earlier paper Hayashi et al. [1983] say
that it “ . . . was corrected by dividing it by a factor of 1.144 ... ”’). When the Lowry
values are used without correction the stoichiometry almost invariably is lower than 4
nmol/mg protein for the membrane-bound enzyme (e.g., Jensen and Ottolenghi,
1983; Serpersu et al., 1990; this paper). These differences are of course also reflected
in the published specific enzyme activities (SA, U/mg protein): without correction of
the Lowry protein, the purest preparations have SA around 35 U/mg protein (e.g.,
Serpersu et al., 1990; this paper), whereas published values based on corrected
protein measurements are in the range of 40-50 (Moczydlowski and Fortes, 1981;
Vilsen et al., 1987; Jorgensen, 1988; Hayashi et al., 1989).

It is not necessary for us here to repeat or elaborate on the thorough discussion
given by Ottolenghi and Jensen (1985) and by Reynolds (1988) of the very important
problem of site concentration. We wish, however, to report a few data obtained
recently in a renewed attempt to shed some light on this controversy and also,
specifically, to distinguish between models A and B in Fig. 3 (which, as noted above,
will both satisfy our radiation inactivation data). During one year we prepared five
batches of purified Na,K-ATPase from outer medulla of pig kidney (method of
Jgrgensen, 1988, Fig. 1) with SA = 33.5 = 1.3 (mean = SD) U/mg protein (Lowry
method). The ADP binding capacity of these preparation obtained by extrapolation
of straight line isotherms in Scatchard plots (Ng@rby and Jensen, 1988) was 3.626 +
0.034 (mean = SD) nmol/mg protein. The average turnover was thus 9,240 min™".
This binding site stoichiometry is very close to 1 per 2 a-subunits (theoretical 3.4
nmol/mg protein). To evaluate the protein determination in our laboratory it was
arranged that we and five laboratories in the Institute of Biophysics measured
protein on two different purified Na,K-ATPase preparations from shark rectal gland
and one albumin solution. The coefficient of variation (SD%) among laboratories
was 5% both with the original Lowry method and with the modified (Peterson, 1977).
The latter gave 10-15% higher protein concentrations than the original Lowry
method. Our values were within +1 SD. If we use Peterson’s method our binding site
concentration would be ~ 3.2 nmol/mg protein.

We have also investigated whether the SDS treatment during the preparation of
purified Na,K-ATPase could result in denaturation and disappearance of binding
sites, and we found that this was not the case. In one experiment ouabain and ADP
binding sites on crude microsomes were both 0.5 nmol/mg protein, and after SDS
treatment ADP- and phosphorylation sites were 0.52 nmol/mg protein. In another
preparation ouabain binding sites were 0.35 and 0.36 nmol/mg before and after
incubation with SDS. The turnover was increased fivefold up to 8,900 min ™',

If the Lowry method measures correctly, our observations favor, but do not
prove, a theory with one ATP, ADP, and ouabain binding site per («f3), over a theory
with two binding sites. It may be argued that 3.6 is larger than the theoretical 3.4
nmol/mg, that our preparations contain significantly less than 100% active ATPase,
and thus that 3.6 nmol/mg is too high for one site per active («f),. Alternatively, one
might envisage that the o/ stoichiometry could be slightly higher than 1, allowing for
binding sites on some «,3-complexes. This would raise the theoretical stoichiometry
above 3.4 nmol/mg. The complexity of the problem is increased because under
special conditions molecular Na,K-ATPase assemblies can be extracted that cer-
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tainly seem to have a site concentration closer to two sites per (af), (Jensen and
Ottolenghi, 1983; Ottolenghi et al., 1986).

Conclusion

From our radiation inactivation and ligand binding measurements we consider it
most likely that the membrane-bound Na,K-pump is structurally organized as a
diprotomer with two a-subunits and probably two 3-subunits. Although our binding-
site determinations on membrane-bound enzyme favor a theory with one substrate
site per (af),, other independent techniques will have to be used before the size of
the minimal functional unit of the Na,K-pump can be definitively established.
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Introduction

The «f-unit is the minimum asymmetric unit in crystals of the purified membrane-
bound Na,K-ATPase (Jgrgensen et al., 1982). It forms cation binding sites and
occlusion cavities for Na* or K" (Rb") within its structure in both the membrane and
soluble states (Vilsen et al., 1987). ATP binding and phosphorylation take place in
the large cytoplasmic protrusion of the a-subunit, while cation sites may be located in
intramembrane domains (Clarke et al., 1989; Karlish et al., 1990). Transduction of
the energy from ATP to movement of the cations may therefore involve long-range
structural transitions in the protein. The purpose of the present work is to establish
relationships between ion binding or occlusion and structural changes in the a-sub-
unit that can be detected by specific proteolytic cleavage (Jérgensen, 1975, 1977).
The protein conformations of different complexes of *Na or *Rb with Na,K-ATPase
are determined to see if the different exposure of bonds to proteolysis reflects the
orientation and specificity of the cation sites.

Na-K-induced Conformational Changes

Mixing purified Na,K-ATPase with Na® or K* in the absence of other ligands
stabilizes two conformations of the a-subunit, the Na form (E,) or the K form (E,), as
monitored by tryptic or chymotryptic digestion (Fig. 1.4). Definition of E, and E,
conformations of the a-subunit of Na,K-ATPase involves identification of cleavage
points in the protein as well as association of cleavage with different rates of
inactivation of Na,K-ATPase and K-phosphatase activities (J¢rgensen, 1975, 1977).
Chymotrypsin cleaves at Leu™ (C,) and both Na,K-ATPase and K-phosphatase are
inactivated with a monoexponential time course. Trypsin cleaves the E, form rapidly
at Lys™ (T,) and more slowly at Arg*” (T;) to produce the characteristic biphasic
pattern of inactivation. Localization of these splits was achieved by sequencing NH,
termini of fragments after isolation on high resolution gel filtration columns
(Jgrgensen and Collins, 1986).

The E, form is not cleaved by chymotrypsin, but trypsin cleaves at Arg™* (T,) and
subsequently at Lys* (T,) and tryptic inactivation of E,K or E,P forms is linear and
associated with cleavage at Arg"® (T,). Inactivation of K-phosphatase is delayed
because cleavage of T, and T, in sequence is required for inactivation of K-phos-
phatase activity. Thus, transition from E, to E, consists of an integrated structural
change involving protection of bond C, or T, in the second cytoplasmic domain and
exposure of T, in the central domain, while the position of T, in the NH, terminus is
altered relative to the central domain (T,) so that cleavage of T, becomes secondary
to cleavage of T, within the same a-subunit in the E, form.

In medium containing K* (E,[2K]), the addition of ATP or ADP causes a
transition to the E, pattern of cleavage (ATP-E,2K). In Na” medium, the addition of
MgATP causes transition to the E, pattern of cleavage since the equilibrium between
the phosphoforms (E,P-E,P) is poised in favor of E,P in Na,K-ATPase from kidney.
In addition to bonds exposed to proteolysis, the structural changes accompanying
exchange of Na® and K or ATP binding and phosphorylation are reflected in
changes in the intensity of fluorescence from intrinsic tryptophan or from extrinsic
probes such as fluorescein covalently attached to Lys™' (Karlish, 1980) or methio-
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Figure 1. (4) Time course of inactivation of Na, K-ATPase (®) or phosphatase (O) from
outer renal medulla by cleavage with chymotrypsin or trypsin in NaCl or KCI media. See text
for explanations. Redrawn from Jgrgensen (1977) and Jgrgensen et al. (1982). (B) Relative
fluorescence intensities from tryptophan (Trp), fluorescein at Lys™ (FITC), fluorescein at
Cys*" (IAF), or dimethyl-amino-coumarinyl-maleimide (DACM) attached to sulfhydryls of
Na,K-ATPase from the outer renal medulla. The horizontal line corresponds to the level of
fluorescence in NaCl medium. Compiled from Karlish (1980), Steinberg et al. (1988), and
Sakuraya et al. (1987).




192 The Sodium Pump: Structure, Mechanism, and Regulation

nines of the a-subunit (Steinberg et al., 1988) or fluorescent sulfhydryl reagents
(Sakuraya et al., 1987) (Fig. 1 B).

Asseen in Fig. 1,4 and B, these conformational transitions occur together in the
native Na,K-pump and they are correlated with changes in affinity for ATP and
phosphoenzyme properties. A single split at Leu™ in the a-subunit blocks the
conformational transition as well as ion exchange without affecting the ability of the
protein to bind ATP, phosphorylate, or occlude Na* (J¢rgensen et al., 1982). These
observations form the basis for a mechanochemical hypothesis for the Na,K-
translocation process in which the structural change in the protein is involved in the
coupling of ATP hydrolysis to changes in capacity, affinity, and accessibility of the
cation binding sites. In E, forms the cation sites are accessible from the cell interior
with a capacity for binding and occluding three Na™ ions, while the cation sites of the
E, forms face the extracellular phase with a capacity for the binding and occlusion of
two Na* or two K" ions (J¢rgensen and Andersen, 1988).

Arguments against this hypothesis have been that the structural changes ob-
served by proteolysis or fluorescence represent only a few among a multitude of
conformational transitions in the protein and that some of the other structural
changes may be more important for the ion transport process. Reference is also
made to observations that in K™ medium only the E, pattern of tryptic digestion is
observed in FITC-labeled Na,K-ATPase although it occludes Rb" and changes
fluorescence when Na' is exchanged for K* (Glynn and Karlish, 1990). However,
cleavage of the a-subunit into 58- and 47-kD fragments (bond T,, Arg**) of FITC-
enzyme has been discussed earlier (Karlish, 1980). It is also important that the
covalent attachment of FITC at Lys* has an ATP-like effect in reducing the
apparent affinity for K* (K, ~ 34 pM) about fivefold relative to that of native
Na,K-ATPase (K; ~ 7 pM) (Jorgensen and Petersen, 1985). Fig. 2 shows a distinct
shift between the two patterns of tryptic inactivation of K-phosphatase activity for
both FITC-enzyme and control enzyme. Therefore, when the difference in affinity
for K* is taken into consideration, the previous observations on FITC-enzyme do not
support conclusions concerning the lack of relevance of these conformational
transitions for cation transport.

Protein Conformation of Na-occluded E, and E, Forms of
Na,K-ATPase

It is generally accepted that Na* ions can be occluded in E,P forms. Occlusion of
three Na” ions per EP has been demonstrated in chymotrypsin cleaved enzyme and
in the Cr-ADP-E P[3Na] complex (Vilsen et al., 1987). Three Na* ions can also be
occluded per EP in a complex stabilized by oligomycin in the absence of Mg** or
phosphate (Shani-Sekler et al., 1988). In Fig. 3, the capacity for occlusion of *Na in
the oligomycin complex is compared with that of a complex with ouabain, Mg**, and
phosphate. It is seen that a maximum of two Na* ions are occluded per a-subunit in
the ouabain complex, while occlusion in the oligomycin complex is three Na® per
a-subunit.

The cleavage patterns of these two complexes were determined using trypsin or
chymotrypsin (data not shown). As expected, the oligomycin complex displays
patterns identical to those of the E,Na form, while the ouabain complex cleaves like
the E,K form. This demonstrates that Na* can be occluded in both E, and E, forms of
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the protein. The important problem is how the observation of Na occlusion in the
Mg-E,P[2Na]-ouabain complex is relevant for the transport mechanism. In the
scheme in Fig. 4 (J¢rgensen and Andersen, 1988), the E,P-E,P transition releases a
single Na" ion at the extracellular surface and E,P[2Na] represents an occluded state
in transition to E,P-2Na with Na® leaving the sites making them accessible for
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20

K—phosphatase remaining (%)
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Figure 2. Time course of inactivation of K-phosphatase activity during tryptic cleavage at 0
(@), 0.1 (A), 5 (W), and 150 (¥) mM KCI of native and FITC-labeled Na,K-ATPase from
outer renal medulla. Labeling with FITC (Karlish, 1980) reduced Na,K-ATPase activity to
3%, while K-phosphatase activity remained at 87%. Procedure for tryptic cleavage as in
Jorgensen (1977).

binding of K* from the extracellular phase. In a scheme involving two cycles, Yoda
and Yoda (1987) used the term E*P for this intermediate and it was observed that
ouabain reacts with E*P (Lee and Fortes, 1985). Our observations show that the
correct notation for E*P is E,P[2Na], since E,P can occlude either two Na™ or two
K* without altering protein conformation as detected by proteolysis. In Na* medium,
the E,P[2Na] intermediate is sensitive to ADP because binding of one Na* allows it
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Figure 3. *Na occlusion in oligomycin (®) or ouabain (A) complexes with membrane-bound
Na,K-ATPase from kidney. Procedure as described by Shani-Sekler et al. (1988) using
incubation at increasing concentrations of Na* for 15 min at 20°C with either 30 pM
oligomycin or 1 mM ouabain, 1 mM MgCl,, and 1 mM P-Tris.

to return to the E,P[3Na] form for reaction with ADP and formation of ATP. After
addition of K*, exchange of Na* for K" at the extracellular surface would lead to
dephosphorylation. The apparent ambiguity of the E,P[2Na] form with respect to
reactivity to ADP and K" is therefore explained by the cation site occupancy, while
the protein conformation of the E,P[2Na] intermediate is the same as that of other
E, forms. With these properties of the E,P[2Na] complex, the ADP-sensitive fraction
of the phosphoenzyme comprises the Na-occluded E, and E, forms, E,P[3Na] and
E,P[2Na]. Therefore the sum of the amounts of ADP- and K-sensitive phosphoen-
zyme is equal to E,P[2Na] plus 2 x E,P[2Na] plus E,P[0] and thus exceeds the total
EP by the amount of the E,P[2Na] intermediate.

Figure 4. Minimal E-E, reac-
tion cycle of the Na,K-pump
with four major occluded con-
formations and ping-pong se-
quential cation translocation.
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Comparison of *Rb- and **Na-occluded Forms of Na,K-ATPase

Fig. 5 shows the capacity and apparent affinity for the occlusion of *Na or “Rb in the
ouabain-MgE,P complex in comparison with occlusion of “Rb in the unliganded
Na,K-ATPase. The apparent affinity of these E, forms for the cations varies over a
wide range from K, ,(Rb) ~ 9 uM to K,,(Na) ~ 1.7 mM, but without changes in
proteolytic cleavage patterns. The apparent affinity of **Rb for formation of the
Mg-ouabain-E,P[Rb] complex is > 100-fold higher than for Na. The data show an
equal capacity for occlusion of either 2Rb" or 2Na* per ap-unit. The difference in
apparent affinity for the complexes in Fig. 5 is sufficient for allowing exchange of Na
for Rb(K) at the extracellular surface, but the transition from E,P[2Na] to E,[2Rb]
has no influence on the patterns of proteolytic digestion or on the fluorescence levels
referred to in Fig. 1, 4 and B.

[

Figure 5. Occlusion of ouabain
complexes with *Na (@) or
“Rb (/) and unliganded Na K-
ATPase with “Rb (A). Proce-
dure as in Fig. 3.

85Rb or 22Na occl. (nmol/mg prot.)

0.001 0.01 0.1 1 10 100
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Effect of C, Cleavage on E,P-E,P Transition and Cation
Exchange

The alternating exposure of C, (Leu™) or T, (Arg™) in the E, form and T, (Arg™)
in the E, form reflects that motion within the segment (M, 18,170) between these
bonds including the phosphorylated residue (Asp™) is an important element in
E -E,-transition. This is illustrated by the widely different consequences of selective
cleavage of C, and T, for E -E, transition and cation exchange.

C, cleavage is a selective and particularly efficient tool for examining structure—
function relationships of the second cytoplasmic domain. Binding affinities for ADP
and ATP are reduced four- to fivefold, while TNP-ATP binds with the same affinity
as in native Na,K-ATPase. Nucleotide binding is not affected by K" or Rb" although
cation sites are undamaged. Conversely, the cleaved enzyme also binds *Rb with
high affinity and occludes the cations, but cation binding and occlusion are unaf-
fected by nucleotide (Table I).

Transport studies in reconstituted vesicles show that C, cleavage blocks the
relatively fast Na-Na or K-K exchange (20-40 s™') and Na-K exchange (500 s™"), but
the slow passive ouabain-sensitive Rb-Rb-exchange (1 s™') and occlusion of K* or
Na® are only partially affected. C, cleavage allows formation of E,P[3Na], but
prevents charge transfer coupled to Na* translocation in purified Na,K-ATPase after
adsorption to a planar lipid bilayer (Apell et al., 1987). In combination with the
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observation of the occlusion of 2Na* in the E,P[2Na] these data show that the
E,P-E,P transition represents a charge-translocating step and that the single Na™ ion
released at the extracellular surface represents this transfer of charge (cf. Gadsby et
al., 1991). C, cleavage thus interferes with structural changes that alter the capacity
of the cation sites for occlusion of Na* and presumably their orientation.

Mutagenesis in Yeast H-ATPase

The notion that the segment containing C, and T, is important for conformational
adaptability of the protein is supported by mutations in yeast. Portillo and Serrano
(1988) induced mutations in the genes of the H-ATPase of Saccharomyces cerevisiae
and found a temperature-sensitive mutant after mutation of Gly”*—Ser. Ghislain et
al. (1987) showed that the Gly**—Asp substitution is responsible for a mutant

TABLE I
Properties of the C, Cleaved Derivative of NA,K-ATPase
Enzymatic activity, Cleavage
ligand binding, or G, Control
transport capacity Leu™
Na,K-ATPase 0% 100%
ATP-ADP exchange 400-500% 100%
ADP binding
Capacity 100% 100%
Affinity, K /uM 0.075 0.045
Phosphorylation
Capacity 100% 100%
E,P/E,P ratio 100/0 14/84
Vanadate binding
Capacity 0% 100%
Rb-binding
Capacity 100% 100%
Affinity, K,/uM 9-12 9-12

Compiled from Jgrgensen et al. (1982) and J¢rgensen and Andersen (1988).

phenotype in Schizosaccharomyces pombe. The mutant H-ATPase has reduced
ATPase and proton pumping activity and it is vanadate resistant. The mutation may
thus produce a higher concentration of E, forms and less of the vanadate-binding E,
form during steady-state ATP hydrolysis. In interpreting the work on mutations in
H-ATPase, the view was advanced that mutations in the second cytoplasmic loop
disrupt an endogenous phosphatase activity (Portillo and Serrano, 1988). Inactiva-
tion of phosphatase activity after the Glu™—GlIn mutation (Glu™ in H-ATPase is
homologous to Glu'™ in Ca-ATPase) suggested that the defect was in the hydrolytic
step of the catalytic cycle. However, the measurements of dephosphorylation rates in
Ca-ATPase indicate that the conformational change and the E,P-E,P interconver-
sion are blocked in the mutants rather than the hydrolysis of E,P (Clarke et al.,

1990).
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Selective Proteolytic Cleavage and Mutagenesis of Ca-ATPase
from Sarcoplasmic Reticulum

In the second cytoplasmic domain between M, and M, in Ca-ATPase of the
sarcoplasmic reticulum, cleavage of bonds at Lys™ and Arg”™ (Imamura and
Kawakita, 1989) or cleavage between Glu™' and Ile*” with V8 protease (le Maire et
al., 1990) inactivate the enzyme (Fig. 6). The cleavage product receives the y-phos-
phate from ATP, but it is unable to undergo the interconversion between E,P and
E,P forms of the phosphoenzyme. Phosphorylation is activated by Ca®*, but occlusion
data are not reported. Site-directed mutagenesis of Gly™ (for Val, Gln, or Arg) of
Ca-ATPase located between the two proteolytic splits gives mutants that are inactive
with respect to Ca-ATPase or Ca transport. Again, ATP and Ca’* can bind and form
an ADP-sensitive phosphoenzyme that is deficient in the transition to the ADP-
insensitive form. In this mutant the apparent affinity in the backward reaction with P,
is reduced (K, 250 pM) relative to the wild type (K|, 50 uM), suggesting that the E,P

Ca-ATPase.S.R. 272 LRV DQSILTGESVS

Na,K-ATPase al 204 CKVDNSSLTGESGSETP

CHY

1
Na,K-ATPase ¢l 257 TGDRTVMGRIATILAS
H-ATPase(S.P.) 260 TGDSTFVGRIATLAS

Ca-ATPase S.R. 225 TGV STAIGKIRDOQMA
i L
vs TRY
Figure 6. Amino acid sequences around the C, cleavage site in the second cytoplasmic loop of
the a-subunit of Na,K-ATPase and homologous segments in H-ATPase (Ghislain et al., 1987)
and Ca-ATPase of sarcoplasmic reticulum (Clarke et al., 1990). See text for explanations.

intermediate is destabilized (Andersen et al., 1989). It is proposed that the region
around Gly™ is involved in energy transduction between the phosphate site and the
cation binding sites in the transmembrane region.

Mutations in another region, the second cytoplasmic loop between M, and M, in
Ca-ATPase of sarcoplasmic reticulum (Thr'*'—Ala, Gly'"*—Ala, and Glu™—Gln),
also result in a complete loss of Ca transport and Ca-ATPase activity associated with
a dramatic reduction of the rate of phosphoenzyme turnover (Clarke et al., 1990).
These mutations do not affect the affinity of the enzyme for P, and therefore
resemble the Pro* mutants (Vilsen et al., 1987) in that they affect only the E,P-E,P
conformational change and not the affinities for ATP, Ca**, or P,.

These data show interesting similarities between conformational transitions in
Ca-ATPase in sarcoplasmic reticulum and al-subunit of Na,K-ATPase, but caution
is necessary in drawing parallels between the Ca transport reaction and NaK-
pumping. A Ca-occluded E, form of Ca-ATPase has not been demonstrated and
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there is no exchange of Ca** with another cation at the extracellular surface. It has
also been difficult to produce evidence for two-state models with different orienta-
tions of the Ca binding sites relative to the membrane. In the Ca-ATPase, dephos-
phorylation is followed by reaction with cytoplasmic Ca**, while in the normal cycle
of Na,K-ATPase dephosphorylation is followed by binding and occlusion of two
extracellular K* ions to form the relatively stable E,[2K] form that must react with
ATP for transition to the E, form.

Discussion and Conclusions

The data discussed in this article provide evidence for the existence of two conforma-
tions with different capacities and orientation of cation sites. In the E, form of
Na,K-ATPase, the exposure of C,(T,) to cleavage reflects that the cation sites of the
phosphoprotein are in an inwardly oriented conformation with a capacity for the
occlusion of three Na® ions. The E, form with exposed T, and protected C,(T;)
occludes either 2Na* or 2Rb"(K") in the phosphoform or 2Rb*(K") in the unli-
ganded enzyme.

The sequence around C, in the a-subunit of Na,K-ATPase is homologous with
segments of Ca-ATPase from sarcoplasmic reticulum and H-ATPase from yeast and
plants. Selective proteolytic cleavage of Ca-ATPase and site-directed mutagenesis of
both pumps stabilizes E,P and interferes with structural transitions and cation
translocation in the same manner as observed after C, cleavage in Na,K-ATPase.
The observations show that it is a general feature that this region (Fig. 6) of the
cation pump proteins is involved in structural transitions accompanying energy
transduction between the phosphate site and the cation sites.

The selective C, cleavage experiments show that the E,P-E,P isomerization is
coupled to the major charge-carrying step in the reaction cycle, the deocclusion of
one Na“* ion during transition from E,P[3Na] to E,P[2Na] with release of the Na* ion
to the extracellular side. The implication of two Na-occluded forms does not require
more than one set of sites. The change in conformation of the protein that opens and
closes barriers may also alter the position of a given set of cation binding sites.
Mutagenesis experiments have shown that carboxyl groups in transmembrane seg-
ment M,, in Na,K-ATPase (Glu™; Lingrel, 1991) and in Ca-ATPase (Glu*”; Clarke
et al., 1989) contribute to formation of Na* and Ca’* binding sites. It is possible that
the conformational transition causes a rotation or tilting of the M, transmembrane
helix, altering the number of cation coordinating groups and their orientation.

Another attraction of the demonstration of two Na-occluded intermediates
(E,P[3Na] and E,P[2Na]) is that it provides explanations for apparent discrepancies
with respect to the kinetics and quantities of the phosphoenzyme forms. The
definition of the two phosphoenzyme intermediates explains why, in Na* medium,
the ADP-sensitive phosphoenzyme comprises both Na*-occluded forms. Since the
E,P[2Na] form will appear in both the ADP- and K-sensitive fractions of the
phosphoenzyme, the amount of the E,P[2Na] form can be determined as the sum of
the ADP- and K-sensitive phosphoenzymes minus the total phosphoenzyme.

The loss of ATP-K antagonism with unaffected occlusion of Na* or Rb" after
chymotryptic cleavage (Jgrgensen and Andersen, 1988) has been used as an argu-
ment against the E -E, nomenclature for the conformational transitions (Glynn and
Karlish, 1990). Obviously, the cleavage patterns in Fig. 1 4 and the model in Fig. 4,
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including the E,-E, notation, are only valid for native Na,K-ATPase. Occlusion of
3Na" or 2Rb" ions is still possible after C, cleavage and even after removal of the
entire cytoplasmic protrusion by extensive cleavage (Karlish et al., 1990). The
operational definitions of the E E, conformations by proteolysis or fluorescence are
no longer valid for these truncated enzymes. The observation that the machinery can
be taken apart for examination of the individual components and their interactions
should not prevent the development of concepts for the function of its intact
structure.
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Introduction

Hofmeister (1888) added various salts to a solution of egg albumin and recorded the
lowest concentration in each case that just produced turbidity. He arranged ions in a
series according to their potency. Such a series is now called a Hofmeister or
lyotropic series. In 1985, Collins and Washabaugh summarized characteristics of the
Hofmeister effect somewhat as follows: (a) The effects appear at concentrations
between 10 mM and 1 M. (b) The effects of anions predominate over those of
cations. (c¢) Different measures of the series rank ions similarly; e.g., SO} =
HPO? > F > Cl" > Br” > 1" = ClO; > SCN". Ions to the right of Cl~ destabilize
the structure of water and are called “chaotropes;” ions to the left stabilize it and are
called “kosmotropes.” (d) The effects are approximately additive over all species.
Hofmeister effects appear in conformational equilibria of proteins including unfold-
ing and formation of crystals (von Hippel and Schleich, 1969; Ries-Kautt and
Ducruix, 1989). Dani et al. (1983) investigated the effects of lyotropic anions on Na*
channel gating. The and Hasselbach (1975) studied the effects of chaotropic anions
on the Ca-ATPase of sarcoplasmic reticulum.

In the reaction sequence of Na,K-ATPase there are two principal reactive
states, E, and E, (Glynn, 1988; N¢rby and Klodos, 1988; Glynn and Karlish, 1990).
These are defined variously in the literature according to (a) the kind of transported
cation bound, Na* or K*; (b) the side of the membrane to which the bound cations
have access, cytoplasmic or extracellular; and (¢) the reactivity of the phosphate
group of the phosphorylated intermediate, E,P or E,P. The phosphate group of E,P
equilibrates with the terminal phosphate group of ATP, whereas the phosphate
group of E,P equilibrates with inorganic phosphate; the phosphate group is attached
covalently to the B-carboxyl group of the same aspartyl residue in each case. In this
report we use the third definition. Each definition suggests a different kind of
conformational change.

Taniguchi and Post (1975) converted E,P to E,P by adding a concentrated
sodium chloride solution. They supposed that binding of sodium ion to a low affinity
extracellular transport site on E,P converted its low energy phosphate group to a
high energy phosphate group on E,P. Hara and Nakao (1981) reported that high
concentrations of NaCl favored E,P over E,P in phosphoenzyme formed from ATP.
Ngrby et al. (1983) studied these kinetics further and introduced an intermediate
state, their “pool B,” between E,P and E,P. Yoda and Yoda (1986, 19874, b, 1988)
reported further evidence in favor of this intermediate state, which they named
“ExP.” They found more factors to influence the distribution between E P and E,P.
Lee and Fortes (1985) supported the participation of a third reactive state of the
phosphoenzyme in the reaction sequence. In all these experiments the anion was
chloride.

We report here an effect of anions on the distribution of the phosphoenzyme
between E,P and E,P. The potency of anions ranks them in a Hofmeister series.

Materials and Methods

Membrane-bound Na,K-ATPase from dog kidney outer medulla was prepared by
Jgrgensen’s methods (J¢rgensen, 1974). The enzyme was stored at 4°C in 40 mM
histidine, 1 mM H,EDTA, and 3.26 M glycerol with <5% loss of activity in 50 d. The
specific activity and the phosphoenzyme level were 10-35 U/mg at 37°C and 1-3
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nmol/mg protein, respectively. Phosphorylation and dephosphorylation of the en-
zyme were done at 2°C as follows unless otherwise stated: In 0.9 ml the reaction
system contained 65-113 pg membrane protein, 40 pmol imidazole/MOPS (3-[N-
morpholino]propanesulfonic acid) at pH 7.1, 0.2-10 wmol MgCl,, and a salt. The
enzyme was phosphorylated for 20-70 s from 10 or 20 nmol [y-"P]ATP added in 0.1
ml. Phosphorylation was stopped either by an acid quench or by 0.1 ml of a chase
solution containing 1-2 pmol unlabeled MgATP without or with 8 pmol MgADP or
50 pmol KCl. The ATP chase solution was neutralized with NaHCO, or Tris. The
concentrations shown on the abscissa of the figures are within 10% of that during the
chase. After various times as indicated, the chase was terminated with 10 ml of
0.35 M trichloroacetic acid containing 0.6 mM ATP and 13 mM H,PO,. The samples
were filtered, washed, and counted. NaBr was “Suprapur” from Merck, Darmstadt,
Germany.

100 T T T ] Figure 1. Kinetics of dephos-
] phorylation in 160 mM NaCl
after chases without or with
ADP or K*. The phosphoryla-
tion system is described under
Materials and Methods. It con-
tained 0.3 wmol MgCl, and 160
pmol NaCl in 1 ml of the label-
ing mixture. The chase solution
contained 3 pmol of Na,CDTA

- without (+) or with 1.1 pmol
o 4 8 12 16 ADP (A)or 6 pmol KCI (W) or
both (O). The solid lines fit a
model consisting of indepen-
dent rapid and slow compo-
nents in each of which E,P is the only precursor to E,P and both forms undergo sponta-
neous hydrolysis. See an expanded abstract by Suzuki and Post (1991) for evidence for rapid
and slow components.

PHOSPHOENZYME (%)

TIME AFTER CHASE (S)

Results
Reaction System

To distinguish between E P, phosphoenzyme sensitive to ADP, and E,P, phosphoen-
zyme sensitive to K*, the enzyme was first phosphorylated from [“P]JATP and then
further formation of the radioactive phosphoenzyme was prevented by a “chase”
with an excess of unlabeled ATP or with a chelator of Mg**, CDTA (cyclohexylenedi-
amine tetraacetic acid), which is required for phosphorylation. To test sensitivity to
ADP or to K" these ligands were added to the chase solution. Fig. 1 illustrates the
system. In most experiments phosphoenzyme was estimated only at 4 s after the
chase. If the level after K™ was higher than that after ADP, then E,P was favored; if
the level after ADP was higher than that after K*, then E,P was favored. Thus a
preponderance of one phosphoform over the other could be produced by effects on
the initial distribution (partition) between the phosphoforms or on their rates of
disappearance. In most experiments a chase with a combination of ADP and K" left
<3% of the initial level of phosphoenzyme after 1 s or longer.
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Figure 2. Effect of NaCl con-

g wo————————————— : AL
i i centration on sensitivity of
2 ao b . phosphoenzyme to ADP or K*.
L I P Data are from three enzyme

L o - preparations. In two experi-
g o I :‘\4% i - ] ments the buffer was Tris-Cl at
K asi \ . pH 7.5. MgCl, was 10 wmol. In
0 A ] one experiment MgSO, re-
g o0 | .>’/ 1 placed MgCl,. The chase solu-

L S tion contained 2 wmol of unla-
T plE==a—T ., . . beled ATP without (+) or with

100 200 300 400 500 600 700 8 umol ADP (A) or 50 wmol
KCI (M). The duration of the

NacCl] (mMm)
NacH. Cri chase was 4 s.

Lyotropic Anions

Effects of changing the concentration of NaCl on 4-s chases are shown in Fig. 2. At
low concentrations the phosphoenzyme was insensitive to ADP; thus E,P predomi-
nated. At high concentrations the phosphoenzyme was insensitive to K*; thus E,P
predominated. A concentration of NaCl of 540 mM gave equal levels of each kind of
phosphoenzyme. We call this concentration a “crossover” concentration. Replace-
ment of CI” with I” produced a similar pattern except that the crossover concentra-
tion was lower, ~ 100-170 mM (Fig. 3). Further experiments with Br™, NO,~, CNS",
or ClO, showed similar patterns with crossover concentrations progressively lower
than that of CI". In contrast to these ions, carboxylate ions showed higher crossover
concentrations as in Fig. 4.

Different enzyme preparations gave different results (Fig. 3). Specific single
experiments (not shown) indicated two factors that favored E,P; (a) use of a light
fraction from the isopycnic zonal centrifugation rather than a heavy fraction, and (b)
storage of the enzyme preparation at 4°C for 55 d (5% loss of activity). Storage at
—70°C for 44 d preserved the initial response. Addition of 0.01% bovine serum
albumin had no effect on the response.

100 . T . . T Figure 3. Effect of I" concen-
| i B rrzee il tration and enzyme age on
phosphoenzyme sensitivity to
ADP or K*. Data are from five
experiments on four enzyme
preparations. The reaction sys-
tem contained 10 wmol MgCl,,
16-540 pmol Nal, and 2% (mol/
mol) as much cysteine as Nal.
Chase solutions, duration, and
symbols are the same as those
in Fig. 2. Open symbols show
Nall (mM) data from enzyme preparations
stored at 4°C for 8-32 d; closed
symbols show storage for 91 d. The age of the enzyme in the blank chase was 30 d. In other
experiments there was no effect of storage on phosphoenzyme level after a blank chase.
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100 v T v T T

Figure 4. Effect of acetate con-
centration on phosphoenzyme
sensitivity to ADP or K*. The
reaction system contained 6
pmol of MgCl, and 200, 400,
600, 800, or 1,000 pmol of so-
dium acetate. Chase solutions,
duration, and symbols are the
same as those in Fig. 2. Data
200 400 600 800 1000  are from one experiment.

80 1

PHOSPHCENZYME AT 4 S (%)

[NaAcetate] (mM)

Rank of Anions

To rank anions at a constant Na* concentration we used a single enzyme prepara-
tion. The rank of the chaotropic ions was CI~ < Br™ < NO; < SCN™ =1~ < CIO;
(Fig. 5). The rank of kosmotropic anions was citrate’ > aspartate” > succinate’” >
SO} = acetate™ > CI™ (Fig. 6 and text). Polybasic anions were compared with
monobasic ions at normal, not molar, concentrations. Other experiments comparing
pairs of anions using the same membrane preparation showed succinate®™ > SO;".
Isethionate, monochloro- and dichloroacetate™ were between acetate™ and CI™. Iso-
and n-butyrate” were like succinate’”; pivalate” was like aspartate . Thus the
potency of the various anions ranks them in a sequence that qualifies as a Hofmeister
series (Collins and Washabaugh, 1985).

Additivity of the Actions of Anions

To test if the effect of one anion adds to that of another, we compared CI~ with a
mixture of NOj, a more chaotropic anion, and acetate, a more kosmotropic anion. In
preliminary experiments a mixture of 160 mM NO; and 240 mM acetate gave almost
the same responses as 400 mM CI™ (not shown).

Lyotropic Anions on Spontaneous Dephosphorylation

Anions affected not only the relative sensitivity of the phosphoenzyme to ADP or K,
but also the rate of spontaneous hydrolysis as shown by the phosphoenzyme level 4 s
after a blank chase with ATP alone. The more chaotropic anions decreased the rate
and the more kosmotropic anions increased the rate (Figs. 5 and 6). We compared

100 T T T y 1 Figure 5. Effect of chaotropic
’_,_—""n anions on sensitivity of phos-
8o RS * 1 phoenzyme to ADP or K*. The

w2 reaction system contained 300
wmol of the sodium salts of Cl,
Br, NO,, SCN, I, or ClO,. To-
gether with I the system con-
tained 2% (mol/mol) cysteine
as in Fig. 3. Chase solutions,
4 duration, and symbols are the
al Br NO3 scN | cloa Ssame as those in Fig. 2. Data
ANION are from one experiment.
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Figure 6. Effect of kosmotro-

¥ 100 r ,
; pic anions on the sensitivity of
<+ 80F the phosphoenzyme to ADP or
e L K*. The reaction system con-
< Bot | e SRR tained one milliequivalent of
g Lo . the sodium salts of Na,citrate
7 (Citrate), aspartate (Asp), Na,
E T succinate (Succinate), acetate
20 4 (Acetate), or chloride (CI).
A\- Chase solutions, duration, and
g o] : symbols are the same as those
Citrate Asp Succinate  Acetate Cl in Fig_ 2. Data are from one

ANION

experiment.

sodium salts of Br™, Cl~, formate, and citrate at various concentrations. In all cases at
concentrations between 24 and 100 mM the rate increased as the [Na'] increased
(Fig. 7). At higher concentrations the rate tended to decrease and the magnitude of
the decrease was greater the more chaotropic the anion (Fig. 7). In 160 mM NaNO,
replacement of 100 mM of [Na"] with tetramethylammonium, N-methylglucamine,
choline, lysine, guanidine, or arginine decreased the rate of dephosphorylation by at
least a factor of 2 in preliminary experiments (not shown). Thus the stimulation of
dephosphorylation was more prominent with Na”.

Cations

When organic cations were varied in a medium with a constant anion composition,
the ratio of E,P to E,P varied. The cations formed a series. They showed the
following relative potency in favoring EP: arginine > guanidine > lysine >
choline = N-methylglucamine > tetramethyl ammonium > triethylamine > tripro-
pylamine (Fig. 8). In another experiment Tris* = choline” (not shown). We do not
know if this is a Hofmeister series.

0.20 Figure 7. Effect of concen-
tration of sodium salts on
spontaneous hydrolysis of phos-
phoenzyme. Data are from 13
experiments on 6 enzyme prep-
arations. The reaction system
contained 0.225-10 pmol MgCl,,
32-900 pmol NaCl (V), 8-333
pmol Naj—citrate (+), 24-1,000
pmol Na-formate (Q), or NaBr

o
-
4]

RATE CONSTANT (/S)
fo] fo)
(e] -
o o

0.00 : (). The chase solution con-
o

20 i IR tained 0.8-2 pmol unlabeled

[Na] (mM) ATP (80:1 to 20:1 molar ratio

of cold ATP to hot ATP)
or 45 pmol of CDTA (CDTA:Mg = 20:1) plus 0.1 pmol unlabeled ATP (cold ATP:hot
ATP = 10:1). After various times the chase was terminated with acid. The rate constant was
calculated assuming single exponential decay. The values for each anion were normalized by
reference to rate constants that were obtained from a single enzyme preparation in the
presence of 0.1 N NaCl, Na,-citrate, Na-formate, or NaBr.




Hofmeister Effect on Phosphoenzyme of Na/K-ATPase 207

Na™ was different from these cations and compared with them Na® stimulated
dephosphorylation. With respect to the partition of the phosphoenzyme between E,P
and E,P compared with other cations, the action of Na* depended on the accom-
panying anion. In the following experiments (not shown) the amounts of E,P and E,P
were estimated by extrapolation back to the onset of the chase. In 0.4 M NaCl E P
was 67%, whereas replacement of 0.36 M Na* with Tris" decreased E,P to 45% (not
shown). In CI", Na" favored E,P more than Tris" did. Yet in 0.6 N Na,—citrate E,P
was ~ 37%, whereas replacement of 585 mM of the Na™ with Tris" increased E,P to
62% (not shown). In citrate, Na* favored E,P less than Tris* did. Thus chaotropic
anions made Na* more effective in favoring E,P. A preliminary experiment suggested
that Hofmeister effects could be observed when the cations were 20 mM Na* plus
500 mM Lys". Thus Na® did not appear to be required for Hofmeister effects.

£ 100 Figure 8. Effect of organic cat-
) ions on sensitivity of phospho-
+ 80 enzyme to ADP or K*. The re-
2 action system contained 4 pmol
o Mg(NO,),, 50 pmol NaNO,, and
g 200 wmol of the nitrate salts of
3 40 arginine (Arg), guanidine (Gua),
o lysine (Lys), choline (Chol), N-
% i methylglucamine (NMG), tet-
% ; ; ; ) ; ; | ramethylammonium (Me4N),
o ; ; /
PraN Et3N MedN NMG Chol Lys Gua Arg triethylamine (Et3N), and tri-

ADDED CATION (200 mM) propylamine (Pr3N). The chase
solution contained 1.1 pmol

unlabeled ATP without (+) or with 8.8 pmol ADP (A) or 6.6 pmol KNO, (M). The chase
was terminated after 4 s.

Effects of Anions on Activity

(Na")-ATPase and (Na® + K")-ATPase activities were estimated at 40 and 400 mM
[Na®]. Replacement of Cl~ with other anions had no effect at 40 mM. At 400 mM
replacement with carboxylate anions had no effect but replacement with NO;, SCN™,
or ClO; inhibited both activities; NO; was less effective than the other two anions
(not shown). Thus anions that favored E P inhibited activity.

Miscellaneous Results

Preliminary results indicated that dimethylformamide (20%, vol/vol) favored E,P;
urea (1 M) had little effect (not shown). Our experiments did not show a significant
amount of ExP. We have seen effects of anions on the amount of phosphoenzyme
before the chase; we have not studied them. In some experiments low initial
phosphorylation and anomalous dephosphorylation were seen, particularly with
trichloroacetate as anion and with guanidinium thiocyanate; we think that the
enzyme may have been partially denatured.

Discussion

A Hofmeister effect on the reactive state of an enzyme is an unusual finding. A
Hofmeister effect often relates to the folding or association of macromolecules. The
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change in reactive state between E,P and E,P implies a conformational change since
it involves the reactivity of a single phosphate group. It is possible that the
Hofmeister effect is acting by modifying the folding of the protein rather than by
participation of anions directly in the active center, or by modification of the
structure of the specific water molecule that attacks the bond of the active site
phosphate group, particularly in the E,P state.

Although chaotropic ions usually favor dissociation or unfolding of macromole-
cules, in at least one case they do not (Ries-Kautt and Ducruix, 1989). Thus it is not
possible to be sure whether E,P or E,P is the more unfolded state. The usual
expectation would be that E,P is more unfolded. See also Blasie et al. (1985) for the
movement of protein toward the membrane in E,P of the Ca-ATPase of sarcoplasmic
reticulum.

We hope that this Hofmeister effect will provide a new means for control and
investigation of the reactive states of the phosphoenzyme.

These results leave many questions unanswered. When a high concentration of
Na“ favors E,P, does it act at a low affinity transport site in communication with the
extracellular medium or nonspecifically as a lyotropic ion? To what extent does the
partition between E,P and E,P represent an equilibrium and to what extent a steady
state? What is the mechanism of the unexpected sensitivity of the enzyme to aging or
to the fraction collected (Fig. 3)? Is it changes in membrane lipids (Yoda and Yoda,
1987a, b)?
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Introduction

Na and K movements catalyzed by the Na/K pump have been adequately described
by modified versions of the Post-Albers model (Post et al., 1965; Albers et al., 1968).
For the purposes of this paper, the essential features of the model are shown in
Scheme 1. Note that only steps 2 and 3 are presumed to be composed of single
reactions; steps 1’, 4', 5', and 6’ each involve multiple reactions lumped together for
ease of discussion.

ADP
1 Na~ ADP

P

NaMgATP E4TP EiNaP Na

d

AP E2®°  PBi

%

E, P

3

Scheme 1

Among the questions to be asked of such a model is, “What are the slow steps?”’
There are several reasons to ask. First, the slow steps are the reactions that are
easiest to study experimentally, and they are the reactions that dominate kinetic
transients involving multiple reactions. Second, the slow steps are physiologically
important since they determine the performance limits of the enzyme. Third, an
understanding of these steps seems particularly valuable in understanding structure—
function relationships and the mechanism of transport: the structure of the enzyme
must have been optimized through evolution to increase the rate of these steps.

The steady-state performance of Na,K-ATPase is maximal near pH 7.5 and
declines at low pH and high pH (Skou, 1957). The rate limitation at low pH is
accounted for by the ATP-stimulated deocclusion of K ions as part of the process of
K translocation (Forbush, 1987). The rate of K deocclusion increases with increasing
pH, so that at high pH this reaction is much faster than the overall turnover rate. We
therefore proposed that there must be steps in Na translocation which become rate
limiting (Forbush, 1987). This report summarizes our attempts to determine the
rates of Na translocation steps, and to pinpoint the slow reactions at high pH.

Methods

Experiments with the Fluorescent Aminostyrylpyridinium Dyes RH-160 and
RH-421

Experiments were performed in a simple filter fluorometer described elsewhere
(Klodos and Forbush, 1988; Forbush, B., and I. Klodos, manuscript in preparation;
540 nm excitation, > 610 nm emission). RH-160 or RH-421 (6 pM) was bound to
SDS-washed membranes ( ~ 0.2 mg/ml) in a solution that typically contained 100 mM
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NaCl, 540 mM TrisHEPES, and 0.1 mM EGTA. In experiments involving caged
ATP, a 20-pl sample contained 2 mM Mg, 0.5 mM caged ATP, and 10 mM
glutathione; ~60% of the caged ATP was photolyzed in <0.1 ms with the light of a
short arc flashlamp focused with an elliptical mirror; data could be recorded after a
10-ms delay for dye phosphorescence to decay. In experiments involving “caged Mg”
(Mg/DM-nitrophen), the solution contained 0.25 mM ATP, 0.4 mM DM-nitrophen,
and 0.2-0.4 mM Mg. For stop-flow experiments a 1.5 mm (i.d.) X 8 mm plexiglass
chamber was mounted in the filter fluorometer—two microsyringes each delivered
8-ul aliquots via a simple “T” mixer, displacing a teflon plunger. The observational
dead time was estimated to be ~3 ms. One of the two solutions contained 4 mM
MgATP and 20 mM HEPES/Tris buffer; the other contained Na,K-ATPase, RH-
dye, Na, and 0.1 mM Mg as above.

Dephosphorylation

Dephosphorylation experiments were performed using the rapid filtration apparatus
previously described (Forbush, 1984b, 1987, 1988). Phosphorylation from 10 pM
[Y*P]ATP was performed for 5 s at 0°C in the presence of 1 M NaCl and 2 mM Mg to
form E,-*P. The sample was diluted in 1.5 M NaCl, 0.3 mM EDTA, and 8 mM
imidazole (pH 7.2), filtered, and rinsed with the same solution. After transfer to the
rapid filtration apparatus, the sample was further rinsed with the same solution or
with a different solution as noted in the text, and dephosphorylation was observed on
changing to a solution typically containing 100 mM Na, with or without 10 mM K. In
most experiments the rinse solution in the rapid filtration apparatus was at 0°C, but
essentially the same results were obtained when this solution was at 20°C.

In some experiments it was determined whether dephosphorylation occurred
via release of *P, or [*P]JATP. To each filtrate sample was added 2 ml of isobutanol/
hexane and 1 ml of 0.1 M molybdate in 109% H,SO,. After 10 s of vigorous vortexing, 1
ml of each phase was counted to determine the two chemical species.

Results
Rate of Na Translocation Steps Revealed by Fluorescent Dyes

We have found that aminostyrylpyridinium dyes such as RH-160 and RH-421 are
very useful indicators of pump cycle changes in Na,K-ATPase from various sources
(Klodos and Forbush, 1988): neurospora plasma membrane H-ATPase (Nagel et al.,
1989), sarcoplasmic reticulum Ca-ATPase, and gastric H K-ATPase (Klodos, I., and
B. Forbush, manuscript in preparation). The dyes partition reversibly into the lipid
bilayer and exhibit large changes in fluorescence emission during different states in
the pump cycle without affecting enzyme activity. The mechanism of conformation
sensing is probably related to the electrochromic nature of the dye molecules: it is
likely that at least part of the dye signal is due to changes in the electrostatic field
surrounding the pump molecule as ions are bound and released (Klodos and
Forbush, 1988; Post and Suzuki, 1991).

The largest change in the fluorescence of RH-160 (or RH-421) bound to
Na,K-ATPase is the increase seen on addition of ATP to the NaE, form of the
enzyme, resulting in the E, — — E,-P reactions (steps 1-4 in Scheme 1) and Na
translocation. Using caged ATP to initiate the reaction, we have found that the rate
constant of the fluorescence change is ~45 s™' at pH 7.2 and 20°C (Klodos and
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Forbush, 1988). The rate is in good agreement with other measures of the Na
translocation steps, including *Na movement (Forbush, 1984a, 1985), charge move-
ment (Nakao and Gadsby, 1986; Borlinghaus et al., 1987; Gadsby et al., 1991), and
the conformational change in iodoacetamidofluorescein-modified enzyme (Stein-
berg and Karlish, 1989; Stiirmer et al., 1989).

Caged ATP and Measurements of Na,K-ATPase Transients

The use of caged ATP to initiate rapid reactions of Na,K-ATPase has always been
clouded by the fact that caged ATP itself binds to Na,K-ATPase in competition with
ATP, raising the possibility that the observed transients contain components that are
affected by the interaction (Forbush, 1984a; Borlinghaus et al., 1987; Fendler et al.,
1987, 1991). The situation is complicated by the fact that the various components of a
transient curve do not carry signatures, and by the ambiguities in assigning derived
rate constants to individual steps in multistep processes.

To circumvent these difficulties, we used two other means to initiate pump
turnover. In the first, DM-nitrophen, a photosensitive derivative of EDTA (Kaplan
and Ellis-Davies, 1988), was used to produce a rapid increase in magnesium
concentration. Due to a rather low affinity of DM-nitrophen for Mg, an initial finite
level of free Mg was unavoidable, so some of the Na,K-ATPase was not in the desired
E, state at the outset. Thus the observed transient was somewhat smaller than seen
with caged ATP. The rate constant of the fluorescence transient was, however,
identical to that measured with caged ATP, ~45-50 s™', demonstrating that this rate
is intrinsic to the Na/K pump and is not an artifact of interaction with caged ATP
(Klodos and Forbush, 1988; Forbush, B., and I. Klodos, manuscript in preparation).

We have also taken the straightforward approach and initiated the catalytic
cycle by mixing Na,K-ATPase with ATP in a stop-flow fluorometer. The results of
one such experiment are illustrated in Fig. 1 (upper panel). Again the results
confirmed those from the earlier experiments with caged ATP, in that the rate
constant of the fluorescence transient was found to be 45-60 s ™' in dog and pig kidney
Na,K-ATPase.

pH Profile of the RH-160,RH-421 Transient

The turnover rate of kidney Na,K-ATPase is ~20 s ' at 20°C (cf. Forbush, 1987);
therefore, the Na translocation steps account for about half the rate limitation of
steady-state pump activity under normal pump conditions, while K deocclusion
accounts for the other half (Karlish and Yates, 1978; Forbush, 1987). In view of the
expectation that slowing of Na translocation would account for the decrease in
steady-state Na,K-ATPase activity at high pH, we were especially interested in the
pH dependence of the RH-dye transient. Several curves from a representative
experiment are illustrated in Fig. 1. They illustrate that, in agreement with the
prediction, the rate of fluorescence increase was found to decrease from 45-60 s at
pH 7.1to 8-16 s™" at pH 8.7. Essentially identical results were obtained whether the
reaction was started by photolysis of caged ATP to release ATP, photolysis of
DM-nitrophen to release Mg (Klodos and Forbush, 1988), or by mixing ATP with the
enzyme in the stop-flow apparatus (Forbush, B., and I. Klodos, manuscript in
preparation). Thus, as summarized in Fig. 2, the pH dependence of Na,K-ATPase
activity is adequately described as limited by the rate of K deocclusion at low pH, and
by the rate of Na translocation at high pH.
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184 Figure 1. Transient fluorescence
i change on mixing RH-421 bound to
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Species Difference in the Rate of the RH-421 Transient

It has often proven to be difficult to reconcile related transient kinetic results
obtained in different laboratories. A complicating factor has been the use of
Na,K-ATPase from different species and tissues. In this regard, we have noted that
the rate of ATP-stimulated ¥Rb deocclusion at 20°C is substantially faster with eel
Na,K-ATPase (Forbush, 1985) than with pig or dog kidney Na,K-ATPase (Forbush,
1987) or bovine brain Na,K-ATPase (Forbush, B., unpublished results). In experi-
ments similar to those shown above, we compared the rate of the increase in RH-421
fluorescence on mixing ATP with Na,K-ATPase prepared from different sources. We
found that for Na,K-ATPase from pig kidney, eel electroplax, and shark rectal gland
the rate constant was ~50, ~145, and ~65 s, respectively, at 20°C and pH 7.3
(data not shown). The high reaction rate in eel Na,K-ATPase is particularly

Figure 2. Schematic diagram compar-

40+

“2K release

Na,K-ATPase

E,-EP
(RH-180)

ing reaction rates in kidney Na,K-
ATPase. Shown are the turnover rate
of Na,K-ATPase activity (Forbush,
1987), the rate constant of ATP-
stimulated “K release, and the RH-
dye transient indicative of the E-E,-P
conformational change (Klodos and
Forbush, 1988, and Fig. 1).
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interesting; it suggests that the eel enzyme may have evolved to be particularly
effective at a lower body temperature, near the temperature utilized in these assays.
The large difference between the rate constant in eel electroplax Na,K-ATPase and
that in mammalian kidney Na,K-ATPase may help to explain earlier discrepancies
among results from different laboratories, and should serve as a caution in future
attempts to construct a unified model from results with differing enzyme sources.

Measurements of Dephosphorylation in the Rapid Filtration Apparatus

Na binding, translocation, and release is known to be accompanied by phosphoryla-
tion of Na,K-ATPase from ATP and a conformational change from E,-P to E,-P; in
conventional schemes, K-dependent dephosphorylation can proceed only after Na is
released, completing the translocation process. If this is so, rate-limiting steps in Na
translocation must also be part of the overall process of phosphorylation—dephos-
phorylation. Thus we sought to measure the overall rate of transition/dephosphoryla-
tion from E-P to E, as a function of pH, expecting to see a pH profile similar to that
determined with RH dyes. Na,K-ATPase was poised in the E -*P state by incubation
with [“P]JATP in the presence of very high concentrations of NaCl, and in the
absence of K. K was added and Na was diluted in the subsequent chase, allowing an
evaluation of the rate of the E,-P — E,-P transition followed by dephosphorylation
(steps4' and 5" in Scheme 1).

These experiments were performed with the rapid filtration apparatus used
previously to measure “Na translocation and *Rb deocclusion (Forbush, 19844,
1987). The apparatus is ideally suited for determination of “off”’ rates of membrane-
bound ligands; however, experiments are somewhat limited by the requirement that
after filtration/rinsing the sample is held on the filter for 10-20 s at 0°C before the
observation is performed. We used a highly lyotropic rinse solution (1-2 M NaBr,
Nal, or NaCl) which stabilizes E-P (Post, 1988; Post and Suzuki, 1991) and greatly
slows the E,-P to E,-P conversion (Klodos and Forbush, 1991). Then in the rapid
filtration apparatus, the E-P — E,-P transition was initiated by switching to a
nonlyotropic medium with or without K to promote dephosphorylation of E,-P.

As illustrated in Fig. 3.4, a complete time course of dephosphorylation was
readily obtained with one sample. As in all prior studies, rapid dephosphorylation
required K because E,-P breaks down slowly in its absence. In this and numerous
similar experiments the measured rate constant of dephosphorylation from E,-*P in
the presence of K was 60-90 s™" at pH 7.0-7.5 and 20°C. This is a lower estimate of
the actual rate constant because of limitation of chamber washout in the apparatus
(120-140 s™'; Forbush, 1988). It may also be noted that the maximal rate of *P
release is not attained immediately upon changing the solution (cf. Fig. 3 4); this is
indicative of an additional step in the process (k > 100 s™*). In any case, for the
purposes of discussion in this paper, even the lower of the rate constants obtained in
Fig. 3 A4 is significantly faster than the overall E, — E,-P transition seen with the RH
dyes (Fig. 1).

In other experiments, when we allowed the phosphorylated intermediate to
relax from E,-P to E,-P by rinsing with a nonlytropic medium for 30 ms in the rapid
filtration apparatus, addition of K resulted in an extremely rapid release of *P, too
fast to resolve adequately with this apparatus (Fig. 3B, k > 100 s™'). This is
consistent with previous findings that K-stimulated dephosphorylation of E,-"P is
very fast.
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ADP was also effective in promoting dephosphorylation (Fig. 3 C). The rate
constant of *P release seen here is 21 s™'. It was confirmed that the released *P was
indeed [P]ATP, not **P, (not shown). When a lower concentration of ADP was used,
the amount of rapidly released P was less, but the rate constant of release remained
the same (lower curves, Fig. 3 C). This is consistent with models in which binding of
ADP competes with the E,-P — E,-P transition, but in which a step other than ADP
binding limits the rate of [*P]ATP release. This slow step has been shown to be
dissociation of [“P]JATP (Mardh and Post, 1977; step 1 in Scheme 1).

54 A. Kafter 1 M Na

Figure 3. Release of P from Na,K-
ATPase monitored in the rapid filtra-
tion apparatus. The E *P intermedi-
5 B. K after 0.1 M Na ate was formed and collected on a
filter as described in Methods. The
1 base 10 logarithm of the rate of re-
lease (arbitrary units) is plotted. In
il the rapid filtration apparatus, the
first solution contained 2 M NaCl
(A), 0.1 M NaCl (B), or 1 M Nal (C);
the second solution contained 100
mM NaCl and either 10 mM KCI (4
and B), 6.4 mM ADP (C, heavy lines),

log %°P release rate

- C. ADP or 0.2 mM ADP (C, light lines). C was
from a different experiment than A
5 and B.
4
I T T T
0.0 0.1 0.2
time (s)

pH Profile of **P Release from E -"P

Time courses of transition/dephosphorylation at various pHs are illustrated in Fig. 4
(center column); also shown are control curves obtained in the absence of K (left
column) or when the E-P — E,-P transition was blocked by high salt (right column).
The rate constants of **P release are replotted in Fig. 5 (heavy line). To our surprise,
transition/dephosphorylation was found to be much higher than both the RH-dye
transient and the turnover rate of Na,K-ATPase at high pH (dashed lines, replotted
from Fig. 3). Thus, above pH 7.5 the net rate of the reactions encompassing E-P —
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E, + P, is about two to four times faster than the E, — E,-P reactions manifested by
the styryl dyes.

ADP Effect on Dephosphorylation Kinetics

Of many possible explanations for the above discrepancy in rates are models in which
the limiting step at high pH involves formation of the phosphorylated intermediate;
these steps (steps 2 and 3 in Scheme 1) are part of the sequence of events seen by the
styryl dyes, but are not a part of the dephosphorylation process starting from E,-P. As

Figure 5. The rate constants of *P
release, obtained from fits of single
exponentials to the data in Fig. 4
(from left and center columns). Error
bars denote the range between dupli-
cates. For release in the presence of
K, the data between 40 and 100 ms
were used. Light dashed lines repro-
duce the curves from Fig. 2.




Rate-limiting Steps in Na Translocation by the Na/K Pump 219

a test of such models we examined the effect of a brief preexposure to ADP on the
rate of dephosphorylation. By including ADP with high salt in the rinse solution, the
events of phosphorylation should be reversed (in 20-30 ms, <50% dissociates as
[PP]ATP; cf. Fig. 3 C). As a result of this procedure, it was anticipated that much of
the enzyme would be in the E,(ATP) and E,-P(ADP) forms. If the forward rates
from these states to E,-P are very fast (steps 2 and 3), then the subsequently observed
dephosphorylation rate would be unaffected by the ADP prepulse. However, if
either of the rates is low, a lower rate of *P, production is expected following ADP;
furthermore, a continued dissociation of [”P]ATP should be observed during the
observation period.

The results of one such experlment are :llustrated in Fig. 6. In each sample we
assayed the released *P by organic extraction of phosphomolybdate in order to

Figure 6. “P release after exposure
to ADP. In the rapid filtration appara-
54 B tus, the first solution contained 1.5 M
. NaCl (4 ) or 1.5 M NaCl and either 10
mM ADP/10 mM EDTA (B) or 10
mM ADP/5 mM Mg (C); the second

T 2 solution contained 100 mM Na/10
3-e \ S mM K and either 10 mM EDTA (A4
' : ' F——T ' ' ' and B) or 5 mM Mg (C). *P, (®) and
[PPJATP (O) were separated from
5 G one another by extraction of P, as
Je phosphomolybdate.

log 3°P release rate

00 01 02 03
time (s)

resolve P, and [“P]ATP. As expected, most of the P was released as *P, from the
control sample (panel 4) under conditions similar to those in the experiments of
Figs. 3 4 and 4. When the sample was prerinsed with 10 mM ADP in the absence of
Mg there was almost no subsequent release of *P, (panel B). This could be attributed
to the dissociation of Mg from the E,([*PJATP) complex, which would prevent
subsequent rephosphorylation. However, even when Mg was included in both the
ADP-containing rinse and the second solution, only about half of the remaining *P
was released as *’P, and half as ["P]ATP, and the rate of release was low (panel C).
According to the arguments presented above, these results strongly favor models in
which there is a slow step preceding the E,-P — E,-P transition.
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*Na Occlusion by the Uninhibited Na,K Pump

It would be extremely informative to examine the fate of Na ions as they are
translocated across the membrane, coupled to the individual phosphorylation—
dephosphorylation events. Glynn et al. (1984) have shown that Na ions become
occluded on the NEM-inhibited or chymotrypsin-nicked Na/K pump when it is
phosphorylated from ATP, and that these occluded ions dissociate upon reversal of
phosphorylation. However, there has been no direct demonstration of occluded Na
on the functional uninhibited enzyme. Our previous studies showed that the overall
Na translocation process had a rate constant near 30-40 s™' (Forbush, 19844, 1985),
similar to the overall E, — E,-P rate constant determined by the styryl dyes. It
seemed that it should be possible to occlude *Na ions in E,-P and measure the rate of
release of the *Na upon relaxation from this state. We have recently made numerous
attempts to study the uninhibited enzyme, using the rapid filtration apparatus to
examine the release of “Na. These have not met with success. The limiting experimen-
tal factor is probably that our procedure requires a “Na-free rinse period of at least
5-10s at 0°C, and during this period all of the putative occluded **Na may be lost.

In typical experiments, 1-3 mM *Na, 1 pM-1 mM ATP, and 0.1-1 mM Mg were
incubated with dog kidney (or pig kidney or bovine brain) Na,K-ATPase for 0.5-5 s
at <1 s at 20°C. In view of the strong effect of lytropic ions in stabilizing E,-P, we
tested the effect of 0.5-2 M N-methylglucamine iodide or bromide in the initial
incubation medium, and have routinely used 1.5-2 M N-methylglucamine or sodium
chloride, bromide, or iodide in all rinse media. These conditions are known to
stabilize E,-P for minutes at 0°C and for several seconds at 20°C (Klodos and
Forbush, 1991; Klodos, I., and B. Forbush, manuscript in preparation). Media of
various pH values were also examined. We looked for *Na release at 20°C in the
rapid filtration apparatus upon addition of ADP or upon lowering the concentration
of lytropic ions. In none of these experiments were we able to detect “Na release that
could be ascribed to release of occluded *Na, presumably because the occluded ions
exchange with the medium before the observation period begins. One conclusion can
be drawn from this otherwise disappointing result: if indeed *Na ions are occluded in
the E,-P state of the uninhibited Na/K pump as generally presumed, the occluded Na
ions are able to exchange with the medium at a significant rate while the pump
remains in the E-P state.

This negative result also suggests that the E,-P state stabilized by lyotropic ions
is different than that stabilized in the various inhibited forms of the pump, since we
previously had little difficulty demonstrating *Na occlusion by NEMe-inhibited
(Forbush, 1985) or oligomycin-inhibited (Forbush, B., unpublished results) Na K-
ATPase. In those experiments the rate of *Na release (~60 s at 20°C) was much
more rapid than the release of ["P]JATP (~15 s™'), showing that Na dissociates
rapidly from E,(ATP) or possibly from E,-P(ADP) (Forbush, 1985).

Discussion

Using styryl dyes to report events in the Na/K pump cycle we have found that steps in
the Na translocation process are partially rate limiting under normal conditions, and
that the overall rate of Na translocation decreases as the pH is raised (Klodos and
Forbush, 1988). By mixing ATP with Na,K-ATPase in a stop-flow mixing apparatus
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we have confirmed previous results obtained with caged ATP and with Mg/DM-
nitrophen. The close agreement demonstrates that interaction of caged ATP with
Na,K-ATPase has not been a limiting factor in resolving the slow step in transloca-
tion, at least under the conditions used in our experiments with kidney membranes.

We expected to find that within the overall Na translocation process, steps
immediately preceeding the formation of E,-P would be rate limiting (either the
E,-P — E,-P transition or associated Na dissociation events). We therefore antici-
pated that the rate of dephosphorylation starting from E,-**P would be essentially the
same as the overall set of reactions E, — — E,-P monitored by the styryl dyes.
However, as shown above, the reactions leading to dephosphorylation were found to
be substantially faster than the reactions measured in the experiments with RH-421.
There are a number of possible explanations for this discrepancy:

(1) It is possible that the dephosphorylation rates observed here are unrelated
to the normal steps in the reaction cycle. It can be argued that exposure to high salt
might cause the Na,K-pump to assume a nonphysiological state (E-P!), and that
from this state the transition E,-P! — E,P is different than the normal transition
E,P — E,P. For instance, a two-step process involving a “relaxation” from the high
salt condition (E,-P! — E,-P — E,-P) would be slower than the single step E,-P —
E,-P, and indeed a “lag” phase seen in Fig. 34 would be consistent with a
“relaxation” step; however, this is in the wrong direction to explain our discrepancy.
It is also possible that a reaction E,-P! — E,-P might be faster than the normal
conformational change. If this is the case, dephosphorylation experiments after
exposure to high salt are of little use in interpreting the normal cycle. We have no
evidence against this ad hoc explanation for the dephosphorylation results, which if
accepted would leave open the possibility that the slow step in Na translocation is the
E,P — E,P transition.

(2) It has been proposed previously that steps involved in Na deocclusion could
be the slowest steps in the Na translocation process (Forbush, 1985), and recent
results pointing to a “potential well” on the extracellular face of the membrane
(Gadsby et al., 1991; Post and Suzuki, 1991) have been interpreted in terms of a
rate-limiting step in Na release. Froehlich and Fendler (1991) have suggested that
the Na deocclusion process may occur after the E -P — E,-P conformational change
and after the K-stimulated dephosphorylation of E,-P. This proposal would explain
the apparent discrepancy discussed here, since it predicts rapid *P release and a
slower overall change involving Na release. It does not, however, predict the results
in Fig. 6. In addition, since a maximal rate of Na release should require that the
preceding steps be rapid enough, one of the consequences of this model is that the
rate of Na release should depend on K for stimulation of dephosphorylation. On the
contrary, the transition seen in Na transport, fluorescence, and voltage transients is
very little affected by external K (Forbush, 1984a; Borlinghaus et al., 1987; Fendler et
al., 1987; Steinberg and Karlish, 1989).

(3) The slow step in the E, — E,P process may precede the E[P — E,P
conformational change, and thus not be measured in Fig. 3. Two possibilities for the
slow reaction include the phosphorylation step itself, E,(ATP) — E,-P(ADP)
(Scheme 1, step 2), and the release of ADP, E,-P(ADP) — E -P (Scheme 1, step 3).
This explanation is strongly supported by the result illustrated in Fig. 6, that exposure
to ADP results in slow subsequent release of the remaining P, and in approximately
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equal rates of release as [?P]JATP and *P,. If the forward rates involved in formation
of E,-P were very fast (steps 2 and 3), all of the *P would dissociate as P, after the
pulse of ADP. The data do not allow a discrimination between the two steps
(phosphorylation and ADP dissociation) as to which is the slow process. However,
previous workers have concluded that the ADP release process (step 3) is very rapid
(cf. Mardh and Post, 1977; Hobbs et al., 1985).

Earlier phosphorylation studies are usually summarized in terms of a very rapid
series of steps leading to phosphorylation. In eel electroplax Na,K-ATPase the
E,(ATP) — E,-P(ADP) reaction (Scheme 1, step 2) is ~175s ™" at 21°C (Hobbs et al.,
1985), and in bovine brain it is ~200 s™' at 25°C (Mardh and Zettergvist, 1974).
Mardh and Post (1977) found a rate of ~50 s™' on addition of 5 uM ATP to guinea
pig kidney Na,K-ATPase at 25°C; however, this concentration of ATP may not have
been saturating. Given the uncertainties involved in comparing rates at different
temperatures and among enzymes from different tissue sources, these determina-
tions may be compatible with a rate of 60 s™' for step 2 in mammalian kidney
Na,K-ATPase at pH 7.5. We know of no evidence against the proposition that this
step becomes much slower as the pH is raised.

Several previous experiments can be interpreted in support of rate limitation at
step 2 in Scheme 1, in that they provide evidence for the accumulation of E(ATP)
during steady-state Na,K-ATPase activity. Kanazawa et al. (1970) and Klodos and
Norby (1979) have pointed out that in the presence of K the level of E-P is too low to
account for the steady-state turnover rate. Kanazawa et al. (1970) suggested that the
discrepancy could be explained by a scheme in which bound ATP accounts for the
difference. While that particular scheme has been shown to be incorrect in other
respects, the possibility that E,(ATP) accumulates in the steady state has not been
disproven. Lowe and Reeve (1983) have also presented preliminary evidence support-
ing this idea.

The rate of loss of P from E,-“P directly demonstrated in Figs. 3 and 4 is a
lower limit to the rate of the E,-P — E,-P transition, since it includes the rate of the
dephosphorylation step, and may also include some time for the enzyme to “adjust”
to the lower concentration of lyotropic ions. The rate (>80 s™" at 20°C) is fast enough
for E,-P to be an intermediate in the turnover of the pump (~20 s™' for the entire
cycle), providing that the steady-state level of E,-P is ~25% of the enzyme. Although
measurements of this level have not been reported for kidney Na,K-ATPase at
saturating [PJATP and 20°C, this is similar to the level in bovine brain at 25°C
(Mardh, 1975; 100 pM ATP). An earlier conclusion that E,-P was incompetent at 0°C
(Norby et al., 1983) was based on measurements in the presence of high concentra-
tions of lytropic ions. It is now clear that the E,-P — E,-P reaction is greatly retarded
in lyotropic media (Post, 1988; Klodos and Forbush, 1991; Klodos and Plesner, 1991;
Post and Suzuki, 1991).

In summary, our data demonstrate that Na translocation steps are slow enough
to partially limit the rate of pump turnover at neutral pH, and that these steps
become the major rate limitation in pump activity at high pH. Dephosphorylation
experiments indicate that while the conformational transition E,-P — E,-P (step 3 in
Scheme 1) is slow enough to contribute some of the rate limitation at neutral pH, it is
not the slow step at high pH; the data support the hypothesis that the rate of
phosphorylation (step 2 in Scheme 1) becomes rate limiting above pH 8.0.
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In the Proceedings of the Vth International Conference on the Na® Pump, Ian Glynn
contributed an overview on the pump mechanism in which the Albers-Post scheme
and modifications thereto were discussed in relation to current views and “‘certain
awkward problems” (Glynn, 1988). The primary purpose of this paper is to extend
that discussion of awkward problems and to offer new alternatives in light of current
evidence derived largely from rapid mixing experiments. A separate section deals
with the kinetic behavior of the phosphoenzyme conformational transition which
couples ATP hydrolysis to Na* translocation in the transport cycle.

Historical Background

The Albers-Post mechanism has become the frame of reference for studies on the
Na,K-ATPase because of its ability to accommodate a wide variety of biochemical
and physiological observations relating to the operation of the Na,K pump. In the
early 1980s papers began to appear that questioned the adequacy of this scheme in
explaining the kinetic behavior of the enzyme activity associated with the Na,K
pump, and modifications were proposed that attempted to correct these shortcom-
ings (Plesner et al., 1981; N¢rby et al., 1983). More recently, these modifications have
themselves been challenged (Hobbs et al., 1985a; N¢rby and Klodos, 1988) as new
evidence has accumulated on the phosphoenzyme intermediates and pathways
involved in ATP hydrolysis.

A logical point at which to begin examining this question is a series of rapid
mixing experiments carried out by Mardh (1975a4) in which he measured the time
course of phosphoenzyme decomposition produced by the addition of K* CDTA or
K" + unlabeled ATP to the phosphorylated bovine brain Na,K-ATPase. In these
experiments, the enzyme was incubated with ATP in the presence of Na* and Mg** to
achieve a constant (steady-state) level of phosphorylation, and then a chase contain-
ing K' plus an agent to prevent rephosphorylation was added to initiate dephospho-
rylation. Decomposition of the phosphoenzyme exhibited a triphasic decay pattern in
which the fast component was attributed to the hydrolysis of E,P, while the
intermediate phase was interpreted as the dephosphorylation of E,P taking place via
E,P. The slow component, representing <10% of the total EP, was identified as a
K'-insensitive phosphoenzyme (Post et al., 1972; Mérdh, 1975b) which turns over too
slowly to be in the main catalytic pathway. The intermediate phase (referred to as the
slow phase by Médrdh) decomposed with a rate constant of 28 s' when CDTA was
added to prevent rephosphorylation of the enzyme. This rate constant increased to
46 s~' when unlabeled ATP was substituted for CDTA in the chase solution. IfFK* (10
mM) was included in the phophorylation medium, only the intermediate and slow
decay fractions were observed; however, the steady-state level of the intermediate
component was lower (by ~25%) and its rate of disappearance faster (77 s™') than
observed when K* was absent during phosphorylation. As proof that the more
rapidly disappearing phosphoenzyme is a kinetically competent intermediate, Mardh
(1975a) showed that the amplitude of this component multiplied by its rate of
disappearance was in good agreement with the overall Na,K-ATPase activity mea-
sured under identical conditions.

Although the results of Méardh’s dephosphorylation experiments were compati-
ble with the qualitative predictions of the Albers-Post mechanism, there were certain
quantitative aspects of his analysis that raised concern among other investigators in
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the field. One problem was that the rate of decay of the intermediate fraction
depended on the choice of reagent (CDTA or unlabeled ATP) used to prevent
rephosphorylation and that only the faster of these rates gave a calculated overall
velocity of ATP hydrolysis that agreed with the measured value (Plesner et al., 1981).
In making this calculation the back reaction was assumed to be negligible, so that the
overall ATPase velocity was determined as the product of the concentration of the
intermediate fraction times its rate of decay. A potential source of error in this
calculation is that the measured rate of phosphoenzyme decomposition may underes-
timate the actual rate at which the phosphoenzyme is converted to its product state
because of continued *P-labeling of the enzyme by bound ATP after the addition of
the chase. This behavior has been observed in electric organ Na,K-ATPase (Hobbs et
al., 1980a ) where the EDTA-induced rate of dephosphorylation after labeling in the
presence of K* was found to be two to three times slower than the rate of E,P
hydrolysis activated by the addition of K*. An additional problem noted by Plesner et
al. (1981) was that the rate of conversion of E P to E,P calculated from kinetic results
obtained in the absence of K' was 10 times smaller than the experimentally
determined value in the presence of K* (77 s™'). As pointed out by Glynn (1988), this
discrepancy could mean that K" accelerates the rate of the phosphoenzyme transi-
tion, although there is other evidence (Ng¢rby et al., 1983; Klodos, 1988) indicating
that it has just the opposite effect. The magnitude of the rate of E,P to E,P
conversion in the absence of K* is critical because if it is as slow as 7 s™' and the
spontaneous rate of E,P breakdown is only 3-4 s™' (Mérdh, 1975a; Hobbs et al.,
1980a ), then there must be a significant back reaction at the conformational step to
account for the 25-fold increase in the overall ATPase activity that results from the
addition of K*. A direct measurement of the reverse rate constant (Klodos et al.,
1981), however, failed to provide experimental support for this assumption, leading
Plesner et al. (1981) to conclude that the enzyme catalyzes ATP hydrolysis by parallel
Na'- and Na'+K"-activated pathways. This notion of separate reaction pathways
was incorporated into a catalytic mechanism referred to as the “bicycle scheme™
(Plesner et al., 1981) in which one of the cycles is activated exclusively by Na" and
includes the acid-stable phosphoenzymes E,P and E,P. The alternate cycle, which
operates when both monovalent cations are present, initially contained no acid-
stable phosphoenzymes but was subsequently modified to include these as intermedi-
ates (Plesner and Plesner, 1988). It should be noted that the phosphoenzymes in the
Na“-activated cycle were found to turn over rapidly enough to account for the overall
velocity of the Na-ATPase reaction. While this is a necessary criterion for kinetic
competence, it is not sufficient, as demonstrated in subsequent studies involving the
electric organ Na,K-ATPase (see below).

Further proof of the inadequacy of the Albers-Post mechanism came from
experiments carried out by Ngrby et al. (1983) in which they examined the kinetics of
the ox brain Na,K-ATPase at 0°C. Using various combinations of the ligands ADP,
ATP, and K to dephosphorylate the phosphoenzyme formed in the absence of K*,
they showed that the sum of the ADP- and K'-sensitive phosphoenzymes was
>100% of the total EP, confirming an earlier observation by Kuriki and Racker
(1976). The decay pattern obtained with ADP was triphasic with a fast phase that
increased as a function of the Na® concentration; dephosphorylation by K* +
unlabeled ATP produced a biphasic decay pattern with a secondary phase that also
increased with increasing [Na']. In analyzing this behavior it was found that a




230 The Sodium Pump: Structure, Mechanism, and Regulation

minimum of three phosphoenzyme pools or intermediates (E_P, E,P, and E_P) were
necessary to explain the decay pattern induced by ADP, and that one of these pools
(E,) had to be sensitive to both ADP and K" to account for the discrepancy between
the sum of the phosphoenzyme intermediates and the total EP. The model assumed
that these phosphoenzymes were consecutive intermediates in a single catalytic
pathway and that the second state, E, P, dephosphorylated in the presence of ADP to
ATP via the first state, E,P, at elevated Na* concentrations. The rapid phase
produced by K* + unlabeled ATP was assumed to result from the parallel decompo-
sition of E,P and EP to P, while the subsequent slower phase represented the
decomposition of E.P to intermediates situated downstream in the reaction se-
quence. The rate constant for the slower phase of K*-induced dephosphorylation
was found to be lower than the computer-simulated rate of E P breakdown in the
absence of K" and too slow to account for the overall velocity of ATP hydrolysis
measured in the presence of Na* and K*.' To account for these observations N¢rby
et al. (1983) proposed that K*, in addition to activating the hydrolysis of E,P and E_P,
also blocks the conversion of E.P to E,P, excluding the latter as a kinetically
competent intermediate in the pathway activated by Na” and K. In the absence of
K", the interconversion of phosphorylated states occurred rapidly enough to satisfy
the criterion for intermediates in the Na-ATPase reaction. Additional support for
the three-pool consecutive model came from a similar set of dephosphorylation
experiments carried out by Yoda and Yoda using the Na,K-ATPase prepared from
the eel electric organ (1986). They found that by changing the temperature or the
concentration of cholesterol in the membrane they were able to control the propor-
tions of the phosphorylated intermediates (1987b), mimicking the effects produced
by [Na®). These effects were accompanied by changes in the transport coupling ratios
indicating that stabilization of the intermediate (E+P in their terminology) pool leads
to the deocclusion and release of Na* from the transport protein before transloca-
tion (1987a). A lucid discussion of the three-pool model together with some of the
conceptual problems that have arisen in light of recently acquired experimental
evidence can be found in N¢rby and Klodos (1988).

Kinetic Behavior of the Na-ATPase Reaction in Electric Organ
Microsomes: Dephosphorylation Reaction

A third challenge to Mardh’s interpretation of the dephosphorylation experiments
came from work that was carried out in this laboratory which focused on the
pre—steady state kinetic behavior of the acid-stable phosphorylated intermediates in
electric organ Na,K-ATPase (Hobbs et al., 19854, 1988). The rationale behind these
experiments is depicted in Fig. 1, which shows the theoretical time courses for the
ADP- and K*-sensitive phosphoenzymes in relation to the total acid-stable EP.
Because E,P and E,P are consecutive intermediates in the transport cycle, the
proportions of these species present at different phosphorylation times will reflect
the rate at which the ADP-sensitive state is converted to the K*-sensitive state. Fig.
2 A shows two double mixing experiments in which phosphorylation by ATP was
carried out for either 10 (pre—steady state) or 116 ms (steady state) and then a chase

' The slow phase of dephosphorylation in Nerby et al. (1983) corresponds to the intermediate decay phase
in the acid quench experiments of Hobbs et al. (1985a).
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Figure 1. Theoretical time courses of the E,P and E,P acid-stable intermediates and the total
phosphoenzyme, EP,. (4) The solid circles illustrate the time course of phosphorylation by
ATP in the absence of K*. E,P (dotted line) and E,P (dashed line) represent consecutive
intermediates in the Albers—Post reaction mechanism. (B) Theoretical time course of K* +
EDTA-induced dephosphorylation in the pre-steady state (solid circles) and steady state
(open circles) of phosphorylation.
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Figure 2. Multiphasic phosphorylation and dephosphorylation reactions in electric organ
Na,K-ATPase. (4) Electric organ microsomes (1 mg protein/mg) were phosphorylated in a
medium containing 10 pM [“P]JATP, 25 mM NaCl, 1 mM MgCl,, and 60 mM Tris—HCI (pH
7.5) at 21°C. Phosphorylation was interrupted at 10 (closed circles) or 116 ms (open triangles) by
the addition of a chase containing 6.66 mM KCI and 10 mM EDTA and the reaction was
allowed to proceed for the indicated times before the addition of acid. Inset shows the data
replotted on a semilogarithmic scale after subtraction of the slowly decaying component. (B)
Electric organ microsomes equilibrated with 60 mM Tris (pH 7.4) buffer (open squares) or
buffer plus 25 mM NaCl (solid squares) were mixed with an equal volume of 200 pM [*P]ATP,
2 mM MgCl, and either 50 or 25 mM NaCl to initiate phosphorylation. At the indicated times
acid was added to terminate the reaction. Inset shows a semilogarithmic plot of EP formation
obtained by taking the difference between the normalized maximum level of phosphorylation
and each of the preceding data points and plotting these values as a function of time.
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containing K* + EDTA was added to induce dephosphorylation. At 116 ms
phosphoenzyme decomposition obeyed triphasic kinetics, similar to the patterns
obtained in the bovine (Mérdh, 19754) and ox brain enzymes (Norby et al., 1983)
under steady-state labeling conditions. The fast phase, which accounts for ~50% of
the total EP (Table I), corresponds to the hydrolysis of E,P, while the slow
component, representing 25% of the total **P incorporation, is due in part to tightly
sealed vesicles with sequestered K" sites (Hobbs et al., 1980a). This interpretation
derives additional support from the experimental results in Fig. 3, which show that
preincubation with FCCP and monensin (ionophores that increase the permeability
of the membrane to H" and K*) accelerate the disappearance of the *P-protein—
bound label in a major fraction of the slowly decaying sites. The remaining stable
fraction represents a K'-insensitive phosphoenzyme in which the K'-activated
dephosphorylation sites are presumably blocked (Post et al., 1972; Mardh, 1975a).

TABLE I
Effect of Phosphorylation Time and [Na‘] on K'- and ADP-induced
Dephosphorylation of the Na-ATPase Phosphoenzyme

Phosphorylation.  \psr  (App] [Na*]  Fast  Intermediate  Slow

time
ms mM mM mM %

10 6.66 — 25 49 (235) 24 (17) 27 (.6)
116 6.66 = 25 54 (288) 22 (28) 24 (.9)
116 6.66 —_ 200 52 (132) 17 (16) 24 (1.2)
116 53.3 - 200 53 (303) 23 (23) 24 (1.0)
116 — 1 25 4(*) 80 (6.4) 16 (.3)
116 — 1 200 24 (283) 69 (33) 7(*)

With the exception of the changes in the ion concentrations noted in the table, the conditions
used to phosphorylate the electric organ microsomes were identical to those described in the
legend to Fig. 2. After 10 or 116 ms phosphorylation was interrupted by the addition of a chase
containing either 6.66 mM KCl + 10 mM EDTA or 1 mM ADP + 10 mM EDTA. The
components are expressed as percentages normalized to the EP level present at the time the
chase was added. Numbers in parentheses are the first-order decay constants in s™".

*Rates too rapid or too slow to be meaningfully determined.

The marked stability of these components to dephosphorylation by K* justifies their
exclusion from the main catalytic pathway and their subtraction from the dephospho-
rylation reaction before kinetic analysis (Fig. 2 A, inset).

If the phosphoenzyme responsible for the intermediate phase of dephosphoryla-
tion is the precursor to the K*-sensitive EP, then its rate of decay should approximate
the rate of conversion of E,P to E,P, assuming that the kinetics of this reaction are
not altered by the chase. Judging from the relatively slow decay of the intermediate
component at 116 ms (28 s7"), E,P is expected to represent a much smaller fraction of
the total phosphoenzyme at 10 ms of phosphorylation than at 116 ms. However, as
seen in Table I, the proportions of the fast and intermediate components were very
similar in the two experiments, implying that these phosphointermediates accumu-
late very rapidly. Because P, release and rephosphorylation of the enzyme in the
absence of K' take place slowly (Froehlich et al., 1976), the phosphoenzymes
corresponding to these phases are presumably in a state of rapid equilibrium to
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account for the relatively high levels of the intermediate decay fraction present in the
steady state. However, in that case both species should have disappeared rapidly
when phosphorylation was interrupted by the addition of K* + EDTA. One could
argue that K', in addition to activating the hydrolysis of E,P, also blocks the
conversion of E,P to E,P, which is equivalent to the proposal of N¢rby et al. (1983).
The difficulty with this explanation (apart from having to introduce a new effect of K*
in the transport cycle) is that it does not account for the high steady-state levels of the
intermediate component that occur in the absence of K'. In these experiments the
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Figure 3. Dephosphorylation of the Na-ATPase and Na,K-ATPase phosphoenzymes. Electric
organ microsomes were pre-equilibrated with (closed circles) or without (open circles)
monensin and FCCP and phosphorylated in the absence of K* before measuring dephospho-
rylation as described in the legend to Fig. 2. Inset shows the time course of dephosphorylation
of electric organ microsomes phosphorylated in the presence of Na® and K*. The labeling
conditions were identical to those in Fig. 2.4 except that the incubation medium also
contained 10 mM KCl. After 116 ms phosphorylation was interrupted by the addition of 0.5
mM unlabeled ATP and dephosphorylation was allowed to proceed for the indicated times
before the addition of acid.

Na® concentration in the phosphorylation medium was only 25 mM, which is 10-20
times less than the amount needed to stabilize the formation of E P (Yoda and Yoda,
1986).

The intermediate component of dephosphorylation accounts for ~25% of the
phosphorylated sites at 25 mM Na". If the phosphoenzyme responsible for this phase
is E,P or an ADP-sensitive state, then the addition of ADP should elicit a rapid
phase of dephosphorylation accompanied by ATP formation. Fig. 44 shows that
when a chase containing ADP + EDTA was added to the phosphoenzyme formed in
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the absence of K*, the resulting pattern of EP decay was biphasic and inorganic
phosphate release was stoichiometrically related to phosphoenzyme decomposition
in both phases. These results strongly suggest that the fast and intermediate decay
fractions represent two different forms of the K*-sensitive phosphoenzyme with
different rates of hydrolysis or sensitivities toward K* (Hobbs et al., 1985b). The
absence of the fast phase in the control experiment with EDTA alone (Fig. 4 B)
implies that one of these intermediates is able to bind ADP, resulting in activation of
its rate of hydrolysis. At 200 mM [Na*], addition of 1 mM ADP caused ~25% of the
labeled sites to disappear rapidly ( ~300 s™'; Table I), which is characteristic of ADP
sensitivity (Hobbs et al., 1983a, b). An identical experiment using K* + EDTA to
dephosphorylate the enzyme showed no effect of this increase in [Na*] on the level of
the intermediate decay component, although the rate was slowed because of
competition between Na* and K* at the dephosphorylation sites (cf. [K*] = 53.3
mM; Table I). Thus, the appearance of ADP sensitivity does not correlate with a
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change in the level of the intermediate component, providing further evidence that
the latter is not an ADP-sensitive species.

The implication that the intermediate decay component is not an ADP-sensitive
phosphoenzyme requires modification of the Albers-Post mechanism. The minimal
alternative is a consecutive scheme in which the intermediate and fast phases result
from the dephosphorylation of consecutive ADP-insensitive phosphoenzyme inter-
mediates, E,P" and E,P:

ADP B o L P
E + ATP — EATP ~ EP —IE,P’ E,P—E, E,
1 2 3 4 |15 6
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Spontaneous (step 5) and K*-activated P, release (step 7) occur only at the second of
these intermediates, requiring that E,P and E,P’ both dephosphorylate via E,P.
Because essentially all of the phosphoenzyme is ADP-insensitive by 116 ms, and
since the K'-activated rate of E,P hydrolysis (k,) is much faster than the spontaneous
decay rate (k;), we were able to simplify the analysis of the dephosphorylation
reaction at 116 ms by using a reduced version of the above scheme surrounded by the
dashed line. The solutions to the time-dependent equations for this mechanism are
(Klodos et al., 1981):

[E;P']=Cre ™+ Cre™
[E,P] = Cye™ + Cye™

[EP] = He™ + G-e™
where [EP] = [E,P'] + [E,P],4 = [p + q]/2,B = [p — q]/2, and
= (k-l +k  +k)

q = (p* — 4ksk,)'

The model was tested by assigning specific values to the rate constants k,, k_,, and k,
(K*-activated P, release was assumed to be irreversible) and comparing the behavior
of the simulated dephosphorylation reaction to the experimental time course. The
rate coefficients A and B correspond to the fast (288 s™') and intermediate (28 s™')
decay rates in Table I so that B = 10.34. This relationship can be used to solve fork _,
in terms of k, and k,, reducing the number of independent variables from three to
two. To insure that the survey was comprehensive, k, and k, were assigned values
from 10 to 1,010 s in increments of 20 s, holding one parameter constant while
varying the other. The requirement that the values for H and G be positive (negative
values of H or G yield phosphoenzyme decay curves that bend downward from the
origin) was used to limit the range of values assigned to the k,. Once a set of k; was
found that produced agreement between the calculated and actual decay rates, it was
used to compute the initial concentrations of E,P’ and E,P in the dephosphorylation
experiments using the following relationships:

Y= k“'EzP’ = k_4'E2P

[EP] = [E,P'] + [EP]

In the electric organ Na,K-ATPase, v = 4-5 nmol/mg per s and [EP] = 0.6-0.7
nmol/mg at 21°C (Froehlich et al., 1976). Having the values for k,, k_,, k,, [E,P’], and
[E,P], the amplitude coefficients H and G were determined and compared with the
actual amount of phosphoenzyme present in the fast and intermediate decay phases.
Using this procedure we were able to identify a range of values for k, (30-290s™"),k_,
(16-135 s7"), and k, (30290 s™') that yielded calculated decay rates close to the
measured values (28 and 288 s™'). By further adjustment of these parameters a set of
k, was found that produced agreement between the calculated ratio of amplitude
coefficients, G:H, and the observed 2.5:1 ratio of fast to intermediate components;
viz., k, = 28s ', k_,=2s"", and k, = 284 s™'. Because the calculated G:H ratio was
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very sensitive to small (5%) changes in the k, the kinetic constants yielding the
proper rate and amplitude coefficients all fall within a very narrow range.

With a rate of transformation of E,P’ to E,P of only 28 s7', the fraction of fast
component in the pre-steady state of phosphorylation will be significantly smaller
than the corresponding fraction at 116 ms. We can estimate approximately how much
of the phosphoenzyme will be present as E,P at 10 ms by assuming that the formation
of E,P from E,P’ is a simple first-order process that begins at 1 = 0 and has a rate
constant of 28 s™' (for a complete model, the actual proportion of E,P at 10 ms will be
less than this estimated value because of the delays caused by ATP binding,
phosphorylation, and the conversion of E,P’ to E,P). This approximation yields a
10-ms fast fraction of 0.25, which is only 50% of the measured value (0.49; Table I). It
is therefore apparent that the rate of conversion of E,P’ to E,P must be greater than
28 “' in order to simulate the behavior of the dephosphorylation reaction at 10 ms,
and that this model does not have a set of rate constants that will satisfy the
quantitative features of dephosphorylation in both the pre—steady-state and steady-
state phases of EP formation.

An important distinction between the above scheme and the modification
proposed by Ngrby et al. (1983) is that activation of phosphoenzyme hydrolysis by K*
in their model involves both ADP-insensitive species. The failure of the above
consecutive scheme to account for the dephosphorylation results justifies the consid-
eration of a separate mechanism that would allow E,P’ and E,P to dephosphorylate
in parallel when K" is present:

4

EP —— EpP
K l g 7 I K+
E/+P, E,+P,

This scheme has three independent variables (the fourth rate constant is automati-
cally determined by the relationship between the rate coefficients A and B) making
the search for an appropriate set of k; relatively laborious. The range of values
assigned to k, and k_, can be reduced, however, by the appropriate use of kinetic
information from the pre-steady state. According to Table I, the fraction of
phosphoenzyme with the fast decay rate at 10 ms of phosphorylation (0.49) is 93% of
the corresponding fraction at 116 ms (0.54), which corresponds to an apparent rate
of conversion of E,P’ to E,P of 265 s™'. Here we have assumed that the time-
dependent shift in these components can be approximated by a reversible first-order
transition that begins at # = 0 and has a rate equal to the sum of k, and k_,. In
modeling dephosphorylation, we allowed k, + k_, to have values of 200, 250, or 300
s ' and then varied k, and k, between 10 and 1,010 s ' in increments of 20 s™'. As in
the previous case, we found that while some selections gave a reasonably close
approximation to the measured decay rates (e.g., 4 = 329s™; B = 30s™"), they were
unable to reproduce the amplitude coefficients for the fast and intermediate phases
of dephosphorylation (H = 0.68; G = 0.02). Conversely, assignments that gave a
good fit to the measured amplitudes (e.g., H = 0.47; G = 0.23) failed to yield the
observed first-order decomposition rates (4 = 919s™'; B = 85s'). These results cast
doubt on the adequacy of three-state consecutive models to explain the multiphasic
dephosphorylation kinetics of the phosphoenzyme formed in the absence of K*. Our
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disagreement with other investigators regarding the adequacy of these schemes
stems from the inclusion of pre-steady-state data in our analysis, which places
certain constraints on the values assigned to the rate constants for the partial
reactions. It should be noted that the apparent failure of these models to explain the
dephosphorylation results does not rule out the possibility of a third phosphorylated
intermediate in the Na-ATPase pathway. Although our results indicate that the
phosphoenzymes responsible for the fast and intermediate decay phases are not
confined to a single catalytic pathway, the actual number of phosphointermediates
and their reactivity toward ADP and K* are unknown.

Kinetic Behavior of the Na-ATPase in Electric Organ
Microsomes: Phosphorylation Reaction

Additional kinetic evidence favoring modification of the Albers-Post mechanism
derives from rapid mixing experiments measuring the pre-steady-state time depen-
dence of the phosphorylation reaction in the absence of K*. Mirdh and Post (1977)
first reported biphasic phosphorylation of the mammalian Na-ATPase in a rapid acid
quench study in which they examined the effects of the early addition of ligands on
the initial rate of phosphoenzyme formation. In particular, they found that pre-
exposure to ATP in either the presence or absence of Na* gave a biexponential
pattern of phosphorylation upon completion of the reaction mixture. A subsequent
report by Hobbs et al. (1988) demonstrated similar biphasic behavior in the electric
organ Na-ATPase and showed that it could not be explained by a consecutive
arrangement of phosphorylated intermediates under the conditions in which the
experiments were conducted. Those experiments also ruled out explanations involv-
ing a slow conversion of E, and E, because the biphasicity was present even at
relatively high (100 pM) ATP concentrations where the conformational equilibrium
would have strongly favored E,.

Fig. 2 B shows an acid quench experiment in which EP formation was measured
after the simultaneous addition of ATP, Na*, and Mg’* to an enzyme suspended in a
buffer without ligands. The time control of phosphoenzyme formation obeyed
biphasic kinetics (Fig. 2 B, inset), demonstrating that preincubation with ATP is not
obligatory for biphasic phosphorylation. The fast phase, which accounts for about
two-thirds of the phosphoenzyme, displayed a rate constant of 300 s™' or greater,
while the subsequent phase was 10 times slower. The ratio of the fast to slow phases
as well as their rates remained fairly constant over a wide range of ATP concentra-
tions (Hobbs et al., 1988). Preincubation of the enzyme with Na* before adding ATP
and Mg"* eliminated the biphasicity (Fig. 2 B, inset) without changing the total EP.
Similar results were obtained if both Na® and ATP were present before initiating
phosphorylation (not shown). Together with the previous results, these experiments
suggest that there are two distinct pathways for phosphorylation and that including
Na' in the preincubation medium accelerates EP formation in the slower pathway.
Because Na' is expected to rapidly equilibrate with its binding sites, the effects
produced by preincubation are likely to reflect a slow process such as a Na*-induced
conformational change or diffusion through a narrow space (e.g., an access channel)
in the transport protein. It is interesting that the fast and slow phases of phosphory-
lation have roughly the same proportions (2:1) as the intermediate and fast phases of
K" EDTA-induced dephosphorylation. Although the significance of this is unclear, it
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raises the possibility that the slow component of phosphorylation and the intermedi-
ate component of dephosphorylation are separate manifestations of the same
catalytic activity.

Kinetics of the Na,K-ATPase Reaction in Electric Organ
Microsomes: Dephosphorylation Reaction

In the absence of K™ the electric organ enzyme displays kinetic behavior that does
not conform to a simple consecutive reaction mechanism. Is there evidence for
kinetic heterogeneity when Na* and K are both present during phosphoenzyme
formation? We addressed this question by examining the pattern of dephosphoryla-
tion of the phosphoenzyme formed in the presence of Na™ and K using unlabeled
ATP to prevent rephosphorylation (Fig. 3, inset). Analysis of these data by curve
fitting showed that the phosphoenzyme decays biexponentially with an initial rate

o  Figure 5. Transient state phos-
phorylation and P, release by
electric organ Na,K-ATPase af-
ter pre-equilibration with Na*
2t K and K'. Electric organ mi-
crosomes (1 mg protein/ml) sus-
pended in a medium contain-
ing 130 mM NaCl, 10 mM KCl,
3 mM MgCl,, and 25 mM imida-
zole, pH 6.2, were mixed with

i W/ 1 an equal volume of the same
/ medium containing 20 pM
é [PP]JATP at 24°C. The reaction
& was allowed to proceed for the
f~ indicated times before quench-
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that is six times faster (135 s™') and a final rate that is seven times slower (4 s™') than
the rate of the intermediate phase of dephosphorylation. The latter component,
which represents 25% of the phosphorylated sites in the absence of K", is virtually
undetectable when both ions are present. Comparison of the experiments in Figs. 2.4
and 3 (inset) shows that addition of K* before phosphorylation also greatly reduces
the steady-state level of EP formation. These results demonstrate that K, in
addition to activating the hydrolysis of E,P, markedly reduces the level of the
intermediate component by changing either its rate of synthesis or its rate of
decomposition. In the former situation K™ would have to bind to the enzyme before
phosphorylation and block the formation of the intermediate component without
affecting the K*-sensitive EP or the total number of active sites. Neither of these
possibilities appears likely because the maximum level of K*-activated P, production
during the first turnover of the Na,K-ATPase (Fig. 5) closely approximates the
steady-state level of EP formation in the absence of K* (cf. Fig. 2.4). If K* blocked




Partial Reactions of the Na*- and Na* + K*—activated ATPases 239

the formation of the intermediate component, then the maximum level of EP
formation would have exceeded P, production in the pre—steady state. Alternatively,
the disappearance of the intermediate component could reflect an increased rate of
turnover secondary to accumulation of K* at the transport sites. In this situation one
could imagine that the K* dephosphorylation sites are separated from the extracellu-
lar space by an access channel or an intermittent gate (Forbush, 1988), either of
which would prevent added K* from immediately occupying those sites during
mixing. To activate dephosphorylation K* would have to pass through the channel or
gate introducing a delay. Preincubation with K* would allow the ion sufficient time to
reach these sites and induce rapid dephosphorylation of E,P. In the mechanism
proposed by Ngrby et al. (1983), the slow turnover of the intermediate component
results from an inhibitory effect of K* on the conversion of the ADP-sensitive EP to a
K*-sensitive form. An advantage of the restricted access model is that there is no
need to introduce an entirely new site or role for K* in the transport mechanism to
explain these effects. Instead, one is left with having to explain why some sites are not
immediately accessible to K*.

We have previously shown (Hobbs et al.,, 1980a) that the time course of
dephosphorylation following an unlabeled ATP chase can be simulated using the
Albers-Post mechanism and a set of rate constants that satisfy the time dependence
of EP formation and P, release under turnover conditions. This approach to testing
the kinetic competency of the phosphoenzyme intermediates is less prone to error
because it avoids the complications that arise from using the amplitude and rate
coefficients of dephosphorylation to compute the rate of ATP hydrolysis directly.
Glynn (1988) has argued that an apparent weakness in the design of the dephospho-
rylation experiments is that the agent used to chase the phosphoenzyme may alter
the kinetics of the reaction, noting that unlabeled ATP and CDTA gave different
rates of dephosphorylation in the ox kidney Na,K-ATPase (Méardh, 1975a). In the
electric organ Na,K-ATPase it appears unlikely that the chase influences the kinetics
of this reaction since unlabeled ATP and EDTA gave indistinguishable patterns of
dephosphorylation (Froehlich et al., 1983).

Kinetics of the Na,K-ATPase Reaction in Electric Organ
Microsomes: Phosphoenzyme Conformational Transition

The complex behavior of the K* EDTA-induced dephosphorylation reaction (Fig.
2 A) makes it difficult to evaluate the rate of the phosphoenzyme conformational
transition from these data. An alternative approach involves measuring the pre—
steady-state time dependence of EP formation and P, release in the presence of Na*
and K* and then simulating this behavior using a model in which the rate of
conversion of E P to E,P represents the only unknown parameter (Froehlich et al.,,
1983; Hobbs et al., 1985a). An important consequence of including both ions in the
reaction mixture is that the intermediate decay component vanishes so that the data
can be analyzed using the Albers-Post mechanism. An added advantage is that E,P
breaks down immediately, generating a “burst” of P, production and a transient
overshoot in EP formation. Because the K*-activated hydrolytic reaction is very fast
(>1,000 s at 24°C), the kinetics of the phosphoenzyme transition preceding E,P
hydrolysis are influential in controlling the initial rate of P, release and the decay of
the phosphoenzyme overshoot during the first turnover. Using the Albers-Post
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mechanism to model this behavior, we estimated the rate of conversion of E P to E,P
to be 500-1,000 s™* at 21°C (Froehlich et al., 1983). This method of evaluation
requires that P, production during the burst phase originate exclusively from the
turnover of E,P. In agreement with this we found that oligomycin, which blocks the
conversion of E.P to E,P (Fahn et al.,, 1966), completely abolished the P, burst
(Hobbs et al., 1983a, 1985a). An additional technical problem involves the slowly
dephosphorylating, K*-insensitive phosphoenzyme which must be subtracted from
the data before the simulation of EP formation. This was resolved by selectively
inhibiting the formation of the rapidly decaying phosphoenzyme with vanadate and
directly measuring the time course of formation of the slow component of dephospho-
rylation in the pre—steady state (Hobbs et al., 1980b).

Attempts to resolve the kinetics of Na* translocation by other methods have led
to lower estimates for the rate of the phosphoenzyme conformational transition.
Using a rapid filtration technique, Forbush (1984) measured *Na* efflux during the
initial turnover of the pump activated by the photolytic release of ATP from caged
ATP (Kaplan et al., 1978). At 21°C he obtained a value of 50 s™ for the initial rate of
efflux which was similar to the rate of the E,P to E,P transition reported by Taniguchi
and co-workers (Taniguchi et al., 1983, 1985) and Steinberg and Karlish (1989) using
stopped-flow fluorescence and covalent labeling of the a-subunit with conformation-
sensitive probes. Another approach used to investigate the kinetics of the transloca-
tion step involves determination of the transient pump currents generated in
response to a voltage perturbation (Gadsby et al., 1985) or a light-driven ATP
concentration jump (Fendler et al., 1985). In the latter technique membrane
fragments containing Na,K-ATPase are adsorbed to a planar lipid bilayer and the
ATP-dependent pump currents are measured via capacitive coupling to the underly-
ing bilayer. Using a laser flash to rapidly generate ATP, Fendler et al. (1985)
reported that the current transient consisted of a rapidly (100 s™') rising phase
followed by a slower biexponential decay (12 s™* and 3 s™'). The larger of the decay
constants was dependent on [ATP], supporting its identification with the ATP
binding reaction, while the rising phase was correlated with the E,P to E,P transition,
which was assumed to be electrogenic. In cardiac myocytes the current signals
produced by a voltage step at 20°C have a relaxation rate of 40 s™' (Gadsby et al.,
1991), similar to the rate of ?Na* efflux measured by rapid filtration. The suggestion
from these studies that the charge translocation step is partially rate limiting is
supported by other evidence showing that the velocity of the pump is sensitive to
changes in the membrane potential under voltage clamp conditions (De Weer et al.,
1988; Rakowski et al., 1989).

One of the difficulties in comparing kinetic results obtained by different
methods is that the experimental conditions used are often different.