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I. Introduction

The primary active transport of Na*, K*, Ca?™ and
H* in eukaryotic cells i1s driven by ATP-powered
cation pumps, the Na,K pump, Ca pump and H,K
pump. The intermediary steps of the pump reac-
tions and their relationship to cation translocation
have been examined in detail, particularly for the
Na,K-pump and Ca-pump proteins. A common fea-
ture of these pumps is a protein of M, close to
110,000 that binds ATP and accepts its y-phosphate
in a covalent Asp-P bond. There is evidence that
both phospho- and dephospho-forms of the protein
exist in two major conformational states, E; and E,,
with different affinities and orientation of cation
binding sites, and ATP-driven cation pumping is
blocked by micromolar concentrations of vanadate
[39, 68, 95, 96, 116, 132]. A wealth of structural
information about the cation pump proteins ap-
peared recently after identification of mRNA and
sequencing of cloned cDNA. Several isoforms of
the genes of a-subunit of Na,K pump were identi-
fied in the human and rat genomes [147, 182] and the
sequences of a-subunit {110, 111, 145, 146, 178, 181]
and B-subunit [22, 112, 140, 146, 179] were deduced
from cDNA of mRNA from a variety of tissues in
piscine and mammalian species. A similar intensity
of work in adjacent fields provided the sequences of
slow and fast twitch Ca pump from sarcoplasmic
reticulum [19, 121] and H,K pump from stomach
mucosa [180]. In addition the gene sequences are
available for K pumps [82, 185] and H pumps [1,
177] from microorganisms. As paradigm for inter-
pretation of this information the combined X-ray
crystallographic structure at high resolution and
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amino acid sequences are only available for a few
bacterial membrane proteins [38, 129]. Crystals of
the proteins of membrane bound Na,K pump [79].
Ca pump [49] and H,K pump [159] can be prepared
by incubation in vanadate solution, but only low
resolution (>20-25 A), three-dimensional models
can be constructed on this basis.

In this review we will examine basic problems
related to the molecular mechanism of active cation
transport in light of the information about nucleo-
tide and amino acid sequences. A main purpose is
to assign residues invoived in formation of ligand
binding sites and in E-E, transition to their posi-
tion in the sequence. To explain mechanisms of
transduction of scalar energy in ATP to movement
of cations, it is important to characterize the rela-
tionship of conformational changes to translocation
of cations across the membrane and the organiza-
tion of cation pathways. Another problem that must
be resolved before meaningful molecular models
can be constructed is the question of subunit struc-
ture. Recent progress in the characterization of sol-
uble Na,K-ATPase, Ca-ATPase, and H-ATPase
suggests that protomer units provide the structural
basis for formation of cation pathways [3, 71, 98,
202, 203].

II. Evolution of Cation Pump Proteins

A comparison of Na,K, H,K, Ca, H and K pumps
shows that overall sequence homology is moderate,
17-24% except for 63% between H,K-ATPase and
Na,K-ATPase, while tertiary structure is remark-
ably similar with respect to localization of trans-
membrane segments relative to domains involved in
ATP binding and phosphorylation (Fig. 1). The ho-
mologies are most pronounced in segments con-
necting transmembrane helices (M4 and MS5) with
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Fig. 1. Hydroplots using a window of 19 residues [117] of Na,K-
{1111, H,K- [180], Ca- [19], H- {177], and K- {82} pump proteins
with percent overall homology (%) in alignment with a-subunit of
Na,K-ATPase shown to the right. MI-M8 show positions of
presumptive transmembrane helices. P is the phosphorylated
residue, F the position for covalent insertion of FITC [104], W
marks the segment labeled with FSBA [33, 141]. The sequences
of these segments are shown in Table 1. Vertical arrows mark the
positions of primary tryptic cleavage sites. Computer analysis
using ‘“‘Genepro,”’ Riverside Scientific, Seattle, Washington,
with the help of Dr. T.E. Petersen

the phosphorylation site and the nucleotide binding
area, respectively, while there is littie or no homol-
ogy between the amino acid sequences of N-ter-
mini, transmembrane helices, and presumptive cat-
ion binding areas in Na,K-ATPase, Ca-ATPase,
H-ATPase, and K-ATPase.

Homologies between cation pumps and other
ATP binding proteins that are discussed in Section
VII, suggest that they have a common origin as
shown in Fig. 2 [¢f. 199]. The molecular basis for
evolution of the family of cation pumps from a com-
mon ancestor may be gene duplication and drift or
fusion and splicing of the gene sequences [42, 67].
Comparison of sequences in Figs. 1 and 3 show that
divergence of cation pump genes may have pro-

ceeded by recombination of exons involved in rec-
ognition, binding of cation and formation of trans-
cellular pathways, in accordance with the needs for
cation specificity. Exons coding for domains in-
volved in nucleotide binding, phosphorylation and
energy transduction are ancient and the best con-
served.

The evolutionary tree in Fig. 2 is drawn on basis
of the information in nucleotide and deduced amino
acid sequences. K-ATPase of Streprococcus faeca-
lis [185] is the most simple and primitive form of
cation pump that may represent an ancestral form,
but the properties of the protoorganism existing 3—4
billion years ago [37, 123] are not known. The time
span of evolution of isoforms of a-subunit of Na,K-
ATPase and Ca-ATPase is estimated from mutation
rates obtained from comparison of sequences from
various species and the time of divergence of phy-
letic lines [42, 147]. It is seen from Fig. 3 that the
mutation rates vary considerably among exons
within each gene. Average mutation rates of a-sub-
unit are relatively low, 0.4 per residue per 10° years,
as compared to rates of 1-2 per residue per 10°
years for other proteins [147]. Divergence of «, a+,
and a-I11 isoforms of Na,K-ATPase may thus have
occurred about 300 million years ago at the time of
separation of mammalian from piscine lines. Both
the cation pumps and (AuNa)-driven secondary ac-
tive cotransport systems in eukaryotic cells as alter-
native to (AuH™)-driven systems may have evolved
before division of prokaryotes and eukaryotes oc-
curred [184]. Development of Na and Ca pumps and
secondary active transport systems for nutrients
may form the basis for adaptation to changes in
food supply and appearance of a variety of new
animal species during transition from precambrian
to cambrian period, 700 to 500 million years ago
[123].

II. Cation Pump Genes

A. GENES OF Na,K-ATPase

The first impression of the genes of the Na,K pump
is one of diversity and complexity with at least five
genes of a-subunit isoforms with sizes near 20-25
kb. They have multiple introns, comprising more
than 80% of known gene sequences. [147, 182]. At
least three mRNA isoforms of a-subunit are ex-
pressed in rat brain [81, 178]. Clarification of DNA
structure and mechanisms behind expression of iso-
forms is important for understanding organization
of the protein in the membrane and physiological
pump functions. The positions of the introns may
correspond to functional subdivision of the protein
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[67, 150], in particular to the position of presumed
membrane-spanning helices [115].

Chromosome mapping shows that the a-subunit
gene is located on human chromosome 1p and on
chromosome 3 in mouse. In situ mRNA hybridiza-
tion shows that « isoform is expressed in transport
epithelia particularly in kidney and in cranial and
dorsal root ganglia. The e+ gene is localized in hu-
man chromosome 1q and a+ is expressed in brain
and adult heart ventricle. The a-1II gene is found in
human chromosome 19q and «-III is expressed in
high levels in brain, spinal cord and fetal heart
[171]. Screening of human genomic libraries with «-
subunit *?P]-cDNA so far revealed five genes. Two
were identified in a library from human placenta
[147], one related to the « isoform, the other to the
oIl isoform. In a genomic library from human leu-
kocytes four genes aA, aB, aC and aD were identi-
fied by restriction mapping. Using isoform-specific
probes it was shown that «A and oB encode o and
o+ isoforms, respectively. The two remaining
genes «C and aD do not correspond to previously
identified isoforms and it is not known if they are
expressed [182].

Partial sequencing of the a-11I gene shows that
it is a large, 20-25 kb, and complex structure with
22 introns separating the exons (Fig. 3). In contrast,
only four introns are found in the gene of H-ATPase
in Neurospora crassa [1] and the gene of H-ATPase
in yeast has no introns [177].

Examination of intron-exon boundaries in the
sequence of a-111I gene shows that most introns start
with GT and end with a stretch of pyrimidines {(CT)
followed by AG; but assignment of several intron

boundaries is uncertain if the AGGT consensus se-.

quence is used as criterion [150]. Search for consen-
sus sequences in the corresponding positions of
cDNA for a-subunit from human HeLa celis [111]
identified in positions corresponding to amino acid
residues 206 (AGGT), 244 (AGGC), 606 (AGGT),
and 758 (AGGT). These introns separate exons cod-

H,K-ATPase
Ca-ATPase, fast 24 %
== Ca-ATPase, slow 23 %
H-ATPase yeast 17 %
K-ATPase E.coli 18 %

¢3 % Fig. 2. Evolutionary tree for cation-pump
proteins with overall homologies relative to a-
subunit of Na,K-ATPase shown to the right.
Sequence homologies and references are
shown in Table 1. Time scales are based on
information about divergence of phyletic lines
[37]

ing for domains that are among the best preserved
when the deduced amino acid sequences of the
three a-isoform are compared with those of H,K-
ATPase [180] or Ca-ATPase [19].

These and other intron positions correspond to
boundaries between functional domains of the -
subunit as shown in Fig. 3. Thus, several transmem-
brane segments (M1, M2, M3, M6, M7, and M8) are
bordered by introns, like in the murine gene of cap-
nophorin [115]. Similarly, introns separate exons
corresponding to domains contributing to the differ-
ent components of the area for nucleotide binding
{exons 11, 15, and 16) or phosphorylation (exon 9)
that are among the best conserved. Thus, exons 13
and 16 code for segments with close to 100% amino
acid homology between the isoforms and higher
than average homology with H,K-ATPase and Ca-
ATPase. Other exons (nos. 1-3, 10, 19) relate to
domains in which homologies between a-isoforms -
are well below overall homology (89%). Calculation
of relative homologies within exons is of interest for
identifying specific functional regions. For exam-
ple, in exons 7 and 17, a-isoforms show homology
mutually and with H,K-ATPase, but not with Ca-
ATPase suggesting that segments contributing to K
sites may be located here. Exons 20 and 21 may
correspond to domains that are specific for the
Na,K pump, such as Na sites, the ouabain site, or
areas for interaction with B-subunit, since there is
high mutual homology between a isoforms, while
homology with H,K-ATPase and Ca-ATPase is well
below the average value. This illustrates that locali-
zation of intron positions in genomic DNA will be
important for understanding functional subdivision
of a-subunit.

B. ExpPrESsioN OoF Na,K-PumMp ISOFORMS

From the available information about the distribu-
tion and function of isoforms of a-subunit of Na,K-
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Fig. 3. Position of introns in the gene of a-III isoform [147] of
Na,K-ATPase relative to a hydroplot of the amino acid se-
quence. Exons correspond to the numbers, and intron positions
are marked with vertical lines. M/—-M8 refer to positions of
transmembrane segments. Below the hydroplot the dotted lines
show overall homologies and the columns show homologies of
each exon in «-1II isoform with « isoform [178], H,K-ATPase
[180] and Ca-ATPase [19]. Since this figure is concerned with
functional aspects, homologies include conservative substitu-
tions (A-G, D-E, L-1, L-V, I-V, R-K, Q-N, S-T, Y-F)

ATPase it is already obvious that detailed analysis
of the expression of isoforms using specific [**P]-
c¢DNA probes will reveal important new physiologi-
cal and pathophysiological aspects of cation pump
function in several tissues.

Three isoforms of Na,K-ATPase, «, o+, and «-
IIT are identified from sequences of mMRNA from rat
brain [178]. Screening and sequencing of genes in
human genomic libraries [147, 182] confirm that
they are the products of separate genes. They do
not have coding regions in common and restriction
mapping of cDNA shows three distinct patterns in
rat brain in contrast to predominance of the « iso-
form in rat kidney [210].

Overall homology is 97-98% between amino
acid sequences of « isoforms of rat [178], sheep
[179] or porcine [146] kidney, rat brain [178], and
human HeLa cells [111], while it is 85-86% between

a, at+ and «-lll isoforms. The tertiary structural
organization of the three isoforms is identical, but
substantial differences amino acid sequence occur
in the N-terminal region and in the region (exon 10
in Fig. 3) between the phosphorylation site (Asp-
369) and Lys 501 that binds fluorescein-isothiocya-
nate (FITC). Close to 100% homology is found in
ATP binding and phosphorylation segments and in
the hydrophobic domains (M2, M35, and M7) (cf.
Fig. 3 and Table 1). The N-terminal regions show
considerable variation in number of charged resi-
dues and this may be important for catalytic differ-
ences between isoforms that can be related to differ-
ent rates of E,—E, transition [100].

The lower electrophoretic mobility of the a+
isoform under certain conditions [191] is not due to
a higher molecular weight of a+ since it has fewer
residues (1015) and lower M, (111,736) than « (1018
res. and M, 112,573) [178]. The catalytic properties
of the « isoform are well known from studies on
purified Na,K-ATPase from kidney [95], but the
properties of a+ and «-III isoforms are uncertain
since both forms are abundant in brain where the
a+ isoform has been examined [170, 192]. It may
therefore not be possible to distinguish their individ-
ual properties. In rats, the o+ isoform is more sen-
sitive to digitalis than the « isoform and they differ
in apparent affinity for Na* [120]. Their different
properties [192] may be explained by different rates
of E;-E, transitions. Determination of the pattern
of isoform distribution in a preparation may there-
fore be decisive for interpretation of results of ki-
netic experiments.

In whole kidney the ratio of « to a+ isoform is
>280:1 [210] and only the « isoform seems to be
present in thick ascending limb of Henle. It is likely
that the small amounts of a+ mRNA in whole kid-
ney is localized to cortical collecting ducts where
Na,K-ATPase is more sensitive to digitalis than in
other segments and subject to hormone regulation
[44].

Hybridization of total RNA with cDNA probes,
specific for each isoform, shows that the three
known isoforms all are expressed in rat brain with
o-111 as the predominant isoform. The amount of
o+ mRNA is high in skeletal muscle with a ratio of
a+ to o mRNA of 30:1. The a+ isoform is also
found in heart muscle, adipose tissue, stomach and
lung, whereas a-III is detected in brain, stomach,
and lung [210]. It is interesting to note the distribu-
tion of isoforms in heart muscle, where the level of
a+ isoform is greater than « isoform in ventricles,
while the converse is true for atria where the « iso-
form predominates [210]. This may form the basis
for the pronounced sensitivity to digitalis of the hy-
pertrophied heart since there are increased amounts
of a+ isoform in the ventricles [124].
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In brain the « and a+ isoforms have a charac-
teristic cellular distribution that may be of impor-
tance for function. The « isoform occurs in astro-
cytes and unmyelinated sympathetic neurons while
a+ predominates in myelinated neurons [171, 186].
Quantitation with antibodies and labeling with FITC
show that the o+ isoform increases more rapidly
than the « isoform during brain development, but
development of both forms depends on regulation
by thyroid hormone [169]. In the salt gland of the
Brine shrimp two isoforms were identified as trans-
lation products of two mRNA’s, but the structural
relationship of these isoforms to those in brain is
not known [59]. Two noninteracting pools of isozy-
mes with high and low affinity for ouabain and dif-
ferent sensitivity to alkylation of sulfhydryl groups
are found in the salt gland of Squalus acanthias
[128]. The functional significance of this appearance
of o+ isoforms in epithelial cells is unknown.

C. GENE EXPRESSION OF B-SUBUNIT

Isoforms of B-subunit are not identified as yet, but
hybridization analysis with [*P]-cDNA identified
multiple 8-subunit ¢DNA forms, that all appear to
code for a single GB-subunit protein [211]. The g-
subunit mRNA is identified in all tissues where a-
subunit mRNA is found, but their relative levels
vary considerably [87]. In kidney and brain, the lev-
els of @ and 8 mRNA are similar, while « mRNA
levels are sixfold greater than 8 mRNA in muscle
and lung; in stomach the reverse is true [210].

Studies on neuronal cells show that synthesis of
a-subunit and B-subunit are concurrent and that as-
sembly of the aB-unit of Na,K-ATPase occur dur-
ing or immediately after polypeptide synthesis
[195]. Coordinate synthesis is also observed in
myogenic cells [207] and epithelial cells of toad
bladder [66].

Transfection of B-subunit from avian cells with
high ouabain affinity and expression in the cell sur-
face of mouse cells with relatively low affinity re-
ceptors for ouabain shows that ouabain sensitivity
does not follow the B-subunit. The transfected
mouse cell line expresses the avian B-subunit of
Na,K-ATPase from an uncontrolled promotor. This
cell line will therefore provide an interesting tool for
examining control of gene expression in situations
where the cells regulate their content of Na,K-
ATPase up or down in response to altered concen-
trations of Na in the cell cytoplasm [56].

D. STRUCTURE AND EXPRESSION
oF Ca-ATPase GENES

In rabbit genomic DNA there are two genes corre-
sponding to the slow and fast forms of sarcoplasmic

reticulum Ca-ATPase that have been characterized
in biochemical experiments. This agrees with the
observation that the basis for Brody’s disease is a
diminished capacity for relaxation of skeletal mus-
cle in fast but not in slow twitch skeletal muscle
[19].

The messenger transcripts of the two genes are
different, the fast twitch mRNA being smaller than
that of the slow twitch. Both 5’ and 3’ nontranslated
regions are widely divergent in sequence and thus
useful probes for differentiating mRNA and ¢cDNA
coding for the two forms of Ca-ATPase.

The neonatal and adult isoforms of fast Ca-
ATPase are expressed by alternative splicing of an
exon. A 42-bp exon is retained in adult and excised
in neonatal transcripts causing expression of fast
Ca-ATPase with different carboxyl termini [20].
Slow Ca-ATPase Is expressed in adult slow twitch
muscle and in cardiac muscle. The slow form has
lower ATPase activity than the fast form. The pres-
ence of the regulatory molecule phospholamban
and effects of calmodulin in cardiac and slow twitch
fibers suggests that slow Ca-ATPase is subject to
regulation [91, 193]. It is interesting that the fast
isoform of Ca-ATPase shows more sequence ho-
mology with the « isoform of Na,K-ATPase than
does the slow isoform. Conversely, the slow iso-
form of Ca-ATPase shows higher homology with
the a+ isoform of Na,K-ATPase that is often found
in cells where the pump seems to be under regula-
tion of hormones or secondary messengers [120].

E. ORDER OF GENE EXPRESSION OF CATION AND
PHOSPHORYLATION SITES IN KdpABC

Studies of mutations of the Kdp operon in Escheri-
chia coli may be relevant for understanding expres-
sion and structure of other cation pumps. Three
proteins are coded by the genes of the Kdp operon,
KdpA (M, 59,189), KdpB (M, 72,112) and KdpC (M,
42,510} [52, 82]. They are expressed in E. coli only
when [K*] falls below 15 mM. Pumps with reduced
affinities for K* but unaffected maximum rates of
active KT transport have mutations only in Kdp A
[43]. This hydrophobic protein may form sites for
K™ binding that are separate from domains in KdpB
for binding of ATP and phosphorylation. The Kdp
operon is transcribed in the order A before B and C
[52]. If this order is conserved in evolution one can
draw the interesting conjecture that the cation bind-
ing domain will be N-terminal to the phosphory-
lated domain in a cation pump consisting of a single
subunit.

These mutations may also provide information
about the stoichiometry of the Kdp K-transport
complex [52]. Two missence mutations of KdpA



100 P.L. Jgrgensen and J.P. Andersen: Na,K- and Ca-Transport Mechanism

near the N- and C-terminus, respectively, are com-
plementary. The molar ratio of the subunits is close
to one and the intracistronic complementation may
therefore provide evidence that the gene product of
Kdp A, B, and C is present as a dimer.

F. GENE REGULATION AND BIOSYNTHESIS

The amount of Na,K-ATPase in cell membranes is
modulated according to the demand for transport
capacity through effects of Na*™ concentrations in
cytoplasm on transcription or biosynthesis rates.
This feedback regulation of the amount of Na,K-
ATPase protein in the cells was proposed as a hy-
pothesis for explaining adaptive changes in amount
of Na,K-ATPase following changes in supply of Na
to adrenalectomized rats [92]. In this model a sus-
tained change in Na/K ratio in cytoplasm following
an increased influx of Na' results in adaptive in-
creases in amount of Na,K-ATPase that appear
slowly after 16-24 hr in vivo. The increased trans-
port capacity in the cell subsequently restores cyto-
plasmic Na/K activities to original levels, thus com-
pleting the feedback cycle. The mechanism for the
effect of Na/K ratio on synthesis of «B-unit of
Na,K-ATPase is not clarified, but recent quantifica-
tion of mRNA by hybridization with [*2P]-cDNA
shows an early rise in amount of specific mRNA
followed by a late increase in rate of synthesis of the
a-subunit and B-subunit and in abundance of «f-
unit in the cells [17, 158]. Also in muscle [207] and
in suspensions of kidney tubule cells {160] it can be
demonstrated that an increase in Na/K ratio after 2~
4 hr triggers a marked increase in rate of synthesis
of Na,K-ATPase protein. The time required for af-
fecting a change in amount of Na,K-ATPase (16-24
hr) agrees with the rate of change in response to in
vivo changes in Na™ load. Rates of degradation of
af-unit are slow with T, = 20-40 hr.

It has been proposed that an elevated cytoplas-
mic Ca’* concentration leads to increased synthesis
of Ca-ATPase and other muscle proteins by an ef-
fect at the transcriptional level, mediated by nuclear
Ca’* binding proteins [127], but direct experimental
evidence has not appeared.

Mechanisms for direct hormone effects on bio-
synthesis rates have not been resolved. In principle,
hormones may act on transcription or translation of
mRNA, on recruitment of an intracellular pool or
via changes in cytoplasmic cation concentrations.
Aldosterone effects on the rate of mRNA synthesis
have been analyzed in relation to stimulation of
Na,K-ATPase synthesis [201]. In cortical collecting
ducts, aldosterone increases the amount of Na,K-
ATPase by de novo synthesis of pump units inde-
pendent of changes in cytoplasmic Na®, while
changes in Na® concentration may stimulate re-

cruitment of a latent pool of Na,K-ATPase indepen-
dent of protein synthesis [44]. An intracellular pool
amounting to 30-70% of total Na,K-ATPase has
been demonstrated in muscle cells [207] and cul-
tures [17, 195].

IV. Organization of the Cation Pump Proteins
in the Membrane

Presumptive membrane-spanning segments can be
identified in the amino acid sequences, but the
availability of the amino acid sequences of the cat-
ion pumps has not led to solution of the overall
topology of the lipid-associated domains. Biochem-
ical studies, such as selective proteolytic or chemi-
cal cleavage in combination with specific chemical
labeling from the membrane surfaces or the hydro-
phobic interior, are required to determine the orien-
tation of intramembrane segments and the sided-
ness of N- and C-terminal segments. It is important
to evaluate whether the topology of the membrane
protein as determined from these data correlates
with the distribution of mass between extra- and
intramembranous domains as estimated in models
derived from physical studies of membrane crys-
tals.

A. INSERTION
IN ENDOPLASMIC RETICULUM MEMBRANE

Information about the mechanism of biosynthesis
may help to establish the orientation of N- and C-
termini of the pump proteins. Orientation of the
membrane protein in endoplasmic reticulum is con-
served during transport to the surface cell mem-
brane and in maturation of sarcoplasmic reticulum
o that domains exposed on the luminal side in ER
are eventually exposed on the noncytoplasmic side.
The subunits of Na,K-ATPase [195] and Ca-
ATPase [122, 132] are synthesized without a cleav-
able hydrophobic N-terminal signal sequence, yet
they are cotranslationally inserted into the endo-
plasmic reticulum membrane due to the presence of
insertion signals further down the sequence. In vi-
tro expression of deletion mutants of cDNA of hu-
man a-subunit and B-subunit shows that membrane
insertion signals are contained in M1-M4 in a-sub-
unit [86} (¢f. Figs. 1 and 3). The presence of one of
these segments is required for insertion of a-subunit
in the membranes of an in vitro biosynthesis sys-
tem. Insertion of S-subunit is possible as long as at
least 16 residues in the transmembrane segment
(Res. 34-53).

The cation pump proteins belong to a group of
transmembrane proteins with the N-terminus ex-
posed on the cytoplasmic surface [85]. Multiple
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crossings can be generated by a sequence of alter-
nating cotranslational insertion and halt transfer sig-
nals [166]. Cotranslational insertion signals span the
membrane from cytoplasm to noncytoplasmic sur-
face in the N-C direction. The hydrophobic part of a
halt transfer signal would span the membrane with
opposite direction. The location of the C-terminus
during insertion of the membrane protein in the ER
membrane will thus depend on whether the last
transmembrane segment serves as part of an inser-
tion or halt transfer signal. In agreement with this
scheme studies of the structure of Na,K-ATPase
[95] and sulfhydryl modification of Ca-ATPase [161]
shows that their N-termini are cytoplasmic, while
localization of their C-termini is uncertain (cf.
pp. 106 and 107).

B. CRYSTALLIZATION IN THE MEMBRANE

The very dense packing of asymmetrically oriented
protein in purified membrane-bound Na,K-ATPase
from kidney allowed crystallization of the pump
protein in the membrane by incubation in vanadate
medium [79, 95, 102, 183, 212]. This procedure also
induces formation of crystalline arrays of Ca-
ATPase in sarcoplasmic reticulum [50, 197] and in
preparations of H,K-ATPase from stomach mucosa
[159]. Initially type pl crystalline arrays with unit
cells consisting of monomeric «f3-units were ob-
served in Na,K-ATPase, but later more scarce and
infrequent p21 crystal forms consisting of dimeric
(af),-unit cells were identified [79, 102, 144, 212].
The high rate of crystal formation of protein in the
E,-form in vanadate solution [102, 183] shows that
the E—E; transition in the pump protein alters con-
ditions for interaction between subunits in the mem-
brane. In Ca-ATPase the vanadate-induced crystals
represent E, forms while crystals induced by Ca?*
or lanthanide represent the E; form of the enzyme
[50]. This simple relationship between conforma-
tional state and crystal form is not seen in prepara-
tions of Na,K-ATPase, where both pl and p21 crys-
tal forms develop in vanadate medium.

It is noteworthy, that the minimum asymmetric
unit cell in the crystals of the Na,K-pump and the
Ca-pump contains the same protein unit as the mini-
mum functional unit of soluble Na,K-ATPase (oS-
unit) and Ca-ATPase (¢f. Section VI).

C. THREE-DIMENSIONAL MODELS

Low resolution models (20-30 A) made after dif-
fraction analysis of membrane crystals of Na,K-
ATPase [80, 131, 144] and Ca-ATPase [24, 197]
show that cytoplasmic protrusions of the proteins

Fig. 4. Model of distribution of protein mass of aB-unit between
extra- and intramembranous domains. The position of the bilayer
corresponds to the shaded area. Redrawn from models of o8-unit
by Hebert et al. [80] and model of a crystal of the g-subunit [148]

are remarkably similar. A notable difference is a 10—
20 A protrusion on the extracellular surface of the
model for Na,K-ATPase while the Ca-ATPase
model has a smooth extracytoplasmic surface. Su-
perposition of a model of 8-subunit crystals formed
in Mg solution shows that the 8-subunit forms the
extracellular protrusion [148], as shown in Fig. 4.
This agrees with estimates of distances in fluores-
cence studies [118]. The mass of the intramembra-
nous portion [80] estimated from this «B-unit model
is 30 to 40% of the total mass of the three-dimen-
sional model of the aB-unit. Similarly, estimates of
intramembranous portion of Ca-ATPase are in the
range of 30-50% [197]. .

The relatively low resolution (25 A) of these
models does not allow further assignment of struc-
tural detail. This requires preparation of crystals
suitable for X-ray crystallography. Methods devel-
oped for photosynthetic reaction center [38] have
not been directly applicable to other membrane pro-
teins. Recently, small three-dimensional crystals
consisting of sheets of protein arrays separated by
lipid layers, were prepared from soluble Ca-ATPase
in nonionic detergent [49], but the crystals are frag-
ile and not yet suitable for X-ray analysis. A critical
factor for formation of these crystals is stabilization
of the soluble protein in an enzymatically active
form for several months.

D. MASS OF INTRAMEMBRANE PROTEIN

In agreement with the estimate from crystal models,
diffraction studies on oriented multilayers of sarco-
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Fig. 5. Disposition of o8-unit in the membrane, based on sequence information [111, 112], labeling with FSBA [33, 141], and selective
proteolytic digestion of e-subunit [100]. Model for 8-subunit is based on sequencing of surface peptides [130, 141] and identification of
S-S bridge [142]. T, T,, T3, and C; show location of proteolytic splits. N are glycosylated asparagines in the 8-subunit. (+) and ()
indicate all extracellular charged residues and charges within the first 10 residues from the transmembrane segments at the cytoplasmic
face. (:2:F) shows FSBA labeling and (===) segments located at the protein surface [141]

plasmic reticulum show that about 40% of the Ca-
ATPase peptide mass is distributed within the
hydrophobic core of the membrane [16]. An al-
ternative estimate of mass distribution is obtained
by proteolysis. Extensive digestion with excess
trypsin or unspecific proteases shows that 40-50%
of the protein of Na,K-ATPase [105] or Ca-ATPase
[208] is protected by lipid or secondary structures
that are resistant to proteolysis.

Calculation of mass distribution of the model in
Fig. 5 with eight transmembrane segments in a-sub-
unit and one in B-subunit shows that 27% of a3-unit
mass is extracellular, 58% is exposed on the cyto-
plasmic surface and only 15% of af-unit mass is
inside the membrane. The 10 hydrophobic segments
proposed to traverse the membrane in the model of
Ca-ATPase [19] constitutes about 20% of the pro-
tein mass.

These data show that the mass of 8 + 1 or 8 —
10 transmembrane segments in Na,K-ATPase or
Ca-ATPase, may be less than the mass of intramem-
brane protein determined by other methods. With

this in mind it is appropriate to consider the possi-
bility that the cation pumps possess intramembrane
protein structures in addition to those of predicted
transmembrane helices.

E. PARADIGMS FOR SECONDARY STRUCTURE
OF INTRAMEMBRANE PROTEIN

Combined knowledge of sequence and structure at
high resolution is available only for the photosyn-
thetic reaction center of bacteria [38, 129]. The
amino acid sequences of three subunits fit well into
the electron density map based on X-ray crystallog-
raphy with identification of individual residues. A
total of 11 transmembrane structures is found typi-
cally consisting of a-helices of 19-23 amino acid
residues without basic or acidic side chains. Using a
window of 19, the hydroplot analysis [117] shows
that four of the helices have a hydrophatic index
peak above 2.0 and another four have a peak above
1.5, while three have index peaks between 1 and
1.5.
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Formation of B-sheet in integral membrane pro-
teins has been predicted in porin and gap junction
protein [151, 152] and X-ray diffraction measure-
ments reveal a transmembrane domain with a high
proportion of B-sheet running parallel to the mem-
brane surfaces in gap junction [125]. In a B-sheet
structure an extensive network of hydrogen bonds
may allow polar residues to exist in environments of
low dielectric constants [12]. Only 10 residues may
be required to traverse the hydrophobic membrane
core in an extended B-configuration of a polypep-
tide. Porin spans the outer membrane lipid bilayer
of E. Coli to form voltage-dependent channels in a
compact structure with little material protruding
into the aqueous phase [151], but hydroplots of its
protein shows at most one sizeable hydrophobic do-
main with a hydrophatic index above 1.5.

Another possibility for explaining the presence
of both hydrophobic and polar or ionizable residues
within the membrane is the packing in amphipathic
helices possessing hydrophobic nonpolar faces and
relatively narrow charged polar faces in helical
wheel plots [¢f. 19]. Critical evaluation of algo-
rithms for predicting secondary structure shows
that they are inadequate for membrane proteins,
particularly when used on hydrophobic segments
[206]. As an example, secondary structure predic-
tion according to Chou and Fassmann [30] of the
photosynthetic reaction center [38] shows higher
propensity for B-sheet than for a-helix for hydro-
phobic segments that are indeed organized in a-heli-
cal structures in the high resolution model from X-
ray crystallography.

F. INTRAMEMBRANE STRUCTURE
oF Na,K-ATPase

In the model of the « subunit of Na,K-ATPase in
Fig. 5, the transmembrane segments M1, M2, M3,
M4, and M5 are predicted by a hydrophatic index of
>2.0 and three segments M6, M7, and M8 have a
peak index of >1.5 using a window of 19 residues
for the hydroplot [116]. These segments consist of
21-25 amino acid residues with over-representation
of the hydrophobic residues Phe, Ile, Leu, Val, Trp,
Tyr, but also of Pro and Cys. This may suggest that
S-S bridge formation is part of stabilizing intramem-
brane structures. Prolines break the continuity of
membrane helices and the excess of proline is inter-
esting in view of a recent survey demonstrating
membrane-buried proline residues in transport pro-
teins, while they are excluded from the membra-
nous domains in nontransport proteins [18]. Cis-
trans isomerizations of peptide bonds involving
proline may thus be part of the conformational tran-
sitions associated with the transport process. Few

basic or acidic side chains are found in the trans-
membrane segments in Fig. 5, but the segments
carry charged residues close to their cytoplasmic
ends. These charges may react with headgroups of
lipids to stabilize the structure in the membrane [21,
54]. During biosynthesis the charged residues may
have served as stop signals [166], preventing trans-
fer across the membrane.

The presence of four transmembrane segments
in the N-terminal half of the a-subunit of Na,K-
ATPase was predicted from the results of controlled
tryptic cleavage combined with selective chemical
labeling with photosensitive ouabain, phosphory-
lation [95, 102] and insertion of small hydrophobic
probes, ['%I}-iodonaphtylazide (INA) [15], ['%I]-
trifluoromethyl-iodo-phenyldiazirine (TID) [23, 99],
or ['H]-adamantane diazirine [139]. In contrast, nei-
ther chemical labeling experiments nor hydroplot
analysis lead to a decision as to whether 2, 4, or 6
transmembrane segments are formed by the C-ter-
minal part of the a-subunit (Res. 779-1016) and ori-
entation of the C-terminus remains uncertain. Re-
cent immunological studies suggest the presence of
an extracellular epitope near the C-terminus of a-
subunit [130]. This leads to a model with only seven
transmembrane segments in the a-subunit.

Possible candidates for additional intramem-
brane structures in the a-subunit are relatively hy-
drophobic segments with high 8-sheet propensity in
the cytoplasmic domains, e.g. segments 175-202,
242260, 410-430, and 560-590 in e-subunit (Fig. 5,
[181]). These segments alternate with a-helices and
may form flexible structures that contribute to cat-
ion binding and E,-E; transition.

G. INTRAMEMBRANE STRUCTURE OF Ca-ATPase

A similar ambiguity exists regarding the disposition
of transmembrane segments of the Ca-ATPase pep-
tide chain including sideness of the C-terminus, A
model of Ca-ATPase with 10 transmembrane seg-
ments [19, 121] is based on plots of polarity index.
Hydroplots with a window of 19 as described above
reveals four to five rather than six transmembrane
segments in the C-terminal portion (cf. Fig. 1). The
proposed a-helical structure of the transmembrane
segments is consistent with circular dichroism mea-
surements on the part of the protein left attached to
the membrane after extensive tryptic digestion [73].
In addition to these transmembrane segments, the
Ca-ATPase sequence contains more hydrophobic
stretches, e.g. res. 210-230 and part of the surface
of presumptive amphipathic helices [19]. The am-
phipatic helices connect the transmembrane seg-
ments M1-M5 with the cytoplasmic domains. They
have been implicated in formation of a “‘stalk’’ seen



104 P.L. Jgrgensen and J.P. Andersen: Na,K- and Ca-Transport Mechanism

by negative staining, but “‘lollipop’’ structures are
absent in vanadate-treated enzyme [31]. This could
mean that the amphipatic helices are membrane em-
bedded, at least in the E, form, adding about 10% to
the intramembranal mass.

V. Structure of B-Subunit of Na,K-ATPase

With the possible exception of the KdpC protein of
K-pump [82] and a glycoprotein in the sarcoplasmic
reticulum [119], the presence of a glycoprotein like
the B-subunit is unique for Na,K-ATPase in the
family of cation pumps. Sequences of B-subunit
(302 residues, M, 34.528) are now available from
human Hel.a cells [112], sheep [179], pig [146] and
dog [22] kidney and Torpedo electroplax [140]. The
initiating methionine is removed in posttranslational
processing, but otherwise the NH,-terminal se-
quence from ¢cDNA is identical to that determined
by gas phase sequencing [22, 100].

The bulk of hydrophilic residues of 8-subunit
are exposed on the extracellular surface [S1]. The 8-
subunit sequence has one hydrophobic segment
(res. 34-53) with hydropathic index above 2.0 that
may form a transmembrane helix. This is basis for
the model in Fig. 5. The B-subunit is labeled from
the bilayer by ['*’I]-iodonaphtylazide [105] and
['®1]-trifluoromethyl-iodo-phenyldiazirine [101]. As
alternative to this model three transmembrane seg-
ments are proposed on basis of papain digestion [29]
and immunological studies [213], but there is no evi-
dence for this in hydroplots of the sequence.

The B-subunit is not as well conserved as the a-
subunit, with 91% overall homology between 8-sub-
unit of sheep, pig, and human and 61% between g3-
subunit of human and Torpedo. This might suggest
a dissociation in development between a-subunit
and B-subunit, but closer inspection reveals a wide
variation in conservation. Some segments are invari-
ant among mammalian, avian and piscine 8-sub-
units like the best conserved segments of a-subunit.
This applies to the N-terminus (res. 1-94) and C-
terminus (res. 235-302) and the location in the se-
quence of three glycosylation sites, seven cysteins
and four tryptophans. In other domains, sequence
homology is low, e.g. the sequences around the Ist
(N-157) and 2nd (N-192) glycosylation sites show
less than 50% homology in alignment among the
mammalian species. An S-S bridge is detected be-
tween Cys 158 and Cys 175 [142] that may be essen-
tial for Na,K-ATPase activity [53, 113]. These
observations suggest that certain segments of S3-
subunit may be important for Na,K-ATPase func-
tion, e.g. for proper insertion of the a-subunit in the

membrane during biosynthesis, while the less con-
served parts are of purely structural importance.
Otherwise the appearance of the amino acid se-
quence data have not relieved our lack of under-
standing function of the S-subunit.

VI. Soluble Protomeric Na,K-ATPase
and Ca-ATPase

After gradual refinement of techniques for solubili-
zation and chromatography, reliable data defining
the mass and subunit structure of cation pump
proteins have become available [13, 95, 126, 132].
Molecular weights of the soluble enzymes as deter-
mined by sedimentation equilibrium and sedimenta-
tion velocity studies [8, 98] agree with those calcu-
lated from amino acid composition with =+10%
(110,458 for Ca-ATPase and 147,000 for «S-unit of
Na,K-ATPase). Sedimentation coefficients are 5 S
for monomeric Ca-ATPase and 6-7 S for the proto-
meric af-unit of Na,K-ATPase. Fluorescence en-
ergy transfer depolarization [84] also indicate a
monomeric state of soluble Ca-ATPase. High reso-
lution gel chromatography combined with low an-
gles laser light scattering gives molecular weights
for soluble Na,K-ATPase [77] that are in agreement
with those from sedimentation equilibrium analysis.
Monomer Ca-ATPase elutes with full activity from
the columns [6, 8] and the soluble monomer while
passing down the column carries Ca?* in the oc-
cluded state [8, 202].

Soluble Na,K-ATPase undergoes time-depen-
dent denaturation and aggregation as a function of
temperature and cation composition of the medium
[98]. High resolution chromatography rapidly inac-
tivates soluble Na,K-ATPase, but the addition of
phosphatidylserine [78] allows assay of Na,K-
ATPase activity during passage over the TSK
column. This experiment confirms that protomeric
aB-units have Na,K-ATPase activity.

The monomeric Ca-ATPase and the protomeric
af-unit of Na,K-ATPase constitute the minimum
functional units required for all aspects of the reac-
tion cycle including E;~E, and E,P-E,P transitions
[3, 5, 98] and occlusion of Ca?*, Na*, and Rb*/K*
[202, 203]. For monomeric Ca-ATPase, the stoichi-
ometry for phosphate or vanadate binding and Ca?*
occlusion is the same as for the membranous en-
zyme [4-6, 8, 202]. Soluble protomeric Na,K-
ATPase binds one molecule of ATP [90] or ouabain
[143] and the af-unit is capable of occluding Rb*
(K*) or Na* with the same stoichiometry relative to
maximum phosphorylation as the membrane-bound
enzyme [203]. From a structural point of view it is
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particularly important that a cavity for occlusion of
the cation is formed within protomers both in mem-
branous and soluble state. The properties of the oc-
cluded complexes discussed below show that a cav-
ity for occlusion is a part of the cation transport
pathway across the membrane. Formation of an oc-
clusion cavity within the protomer therefore sug-
gests that this is the minimum protein unit required
for active Ca or Na,K transport. Direct evidence for
a protomer cation pump has been obtained for H-
ATPase [71].

VII. Cytoplasmic Domains
and Ligand Binding Areas

A characteristic structural feature of the cation
pump proteins is a cytoplasmic protrusion with ap-
proximate dimensions 45 X 65 A in the planc of the
membrane and a length of 50-60 A in the plane
perpendicular to the membrane. As illustrated in
Fig. 5, the transmembrane segments separate the
protrusion into subdomains. Selective cleavage and
chemical labeling established structure-function
correlates for some of these domains. The bulk of
the protrusion is formed by the large central domain
(res. 340-780 in o-subunit and 309-758 in Ca-
ATPase) that forms sites for ATP binding and phos-
phorylation. The second cytoplasmic domain (142—
284 in a-subunit and 108-256 in Ca-ATPase) be-
tween M-2 and M-3 contains peptide bonds suscep-
tible to proteolytic cleavage in E; forms. The
N-terminus is attached to M-1 and is important for
control of E;—E, transition in Na,K-ATPase and of
the rate of Na,K-pumping, but the N-terminus may
not have such a role in Ca-ATPase.

A. SITES FOR NUCLEOTIDE BINDING AND
PHOSPHORYLATION IN Na,K-ATPase

The segments contributing to nucleotide binding
and phosphorylation domains undergo structural
changes accompanying E,—F, transition as the ATP
binding region adapts for tight binding in the E,
form with K; 0.1 um [90], while binding to the E,
form is weak requiring millimolar concentrations of
ATP for saturation. In addition, structural [102] evi-
dence suggest that motion of the phorphorylated
residue may be part of the transition from E; to E,.
Studies of other ATP binding proteins show that
functional residues are contributed by regions of
different protein sequences and secondary struc-
ture. An indication of the functional groups re-

quired to form a nucleotide site may be obtained
from examining sites in dehydrogenases [165],
phosphofructokinase [114] and, in particular,
adenylate kinase [64].

An important feature is a hydrophobic pocket
for accommodation of the adenine and ribose moie-
ties which is formed by Ile, Val, His and Leu resi-
dues. The triphosphate moiety is flanked by a
hydrophobic strand of parallel 8-pleated sheet ter-
minated by Asp [64]. As seen from Table ¢, such a
segment in adenylate kinase and B-subunit of F1-
ATPase shows some homology with respect to
charges and hydrophobic residues to segments in a-
subunit of Na,K-ATPase (543-561) and Ca-ATPase
(612-628). The N-terminal part of this segment is
rich in glycines and may form a flexible loop that
undergoes conformational transitions related to al-
tered affinity of the site or to reallocation of cata-
lytic groups [cf. 64]. In adenylate kinase, other seg-
ments contribute an «-helix with hydrophobic
residues separating two lysines that may interact
with phosphate moieties.

In addition to the segment around Asp 369 (Ta-
ble 1a), labeling with ATP analogues provides evi-
dence for contribution from three additional seg-
ments in a-subunit of Na,K-ATPase. The first
indication came from ATP-sensitive covalent inser-
tion of FITC into Lys-501 in a-subunit [104]. FITC
also inserts covalently in Ca-ATPase of SR {155], in
Ca-ATPase of erthrocyte membranes [58] and in
H,K-ATPase [180], (Table 1). The strong fluores-
cence signal provides a convenient probe for moni-
toring conformational transitions in the proteins.
Fluorescein is a relatively large molecule and the
specific insertion at Lys-501 does not necessarily
indicate that this residue also forms part of the nu-
cleotide binding area.

The C-terminal part of the central domain con-
tributes two peptide segments (655664 and 704—
722) that are labeled by FSBA [141] 5-(p-fluoro-
sulfonyl)-benzoyl-adenosine, an ATP analogue that
labels the Na,K-ATPase with concomitant inhibi-
tion of ATP hydrolysis, while K-phosphatase and
ouabain binding remain intact [33]. The peptides
are located at residues 655-664 and 704-722 of
the a-subunit. Another ATP analogue, y-[4-(N-2-
chlorethyl - N - methylamino)lbenzoylamid - ATP
(CIR-ATP) inserts covalently in Asp-710 in the 704-
722 segment [149]. Labeling by these ATP ana-
logues may relate to charged residues coordinating
phosphate moieties in ATP.

Peptides released from the surface of the cen-
tral domain of the a-subunit by tryptic cleavage
have also been sequenced [141] and a provisional
arrangement of the ATP binding domain in the cyto-
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Table 1. Sequence homologies of nucleotide binding and phosphorylation domains®

a) Phosphorylation domain

Res. no. *

367 TSITJICSDKTGTLTQNRM Na,K,«
379 TSVICSDKTGTLTQNRM H,K-

345 ITSVICSDKTGTLT|T|N|QM Ca-

372 VE[ILCSDKTGTLT N|K L H-, yeast
301 VDIVLILLIDKTGTTIT G NR KdpB

273 LDIVIMLIDKTGTLTQ Q|GKF K-, S.f.
280 QER|INT[SITIKTGSIT[SVQA Fl-, B, coli
293 QER|IITTTIKKGSIT VQA F1-, 8, bov.
b) FITC reactive region

496 PIQIHLLVMKGAPERTILIDIRCS S Na,K,a
510 PIRIHLLVMKGAPERVIIEIRCS S H,K-

508 VGNKMFVIKGAPE|GIVIIDRCN Ca-

MY S|K G A[S]E]1|1 L|R Ca-p.m.

467 GERIIVICVKGATP|IL S ALK H-, yeast
467 GERI|TICVKGA PIL F[VLK H-, Neurosp.
388 I DNRMI R|KG S|V DA|I[R|R KdpB
¢) Nucleotide-binding region

543 L G E[R|V—L[G|F CH[L F L|P[DE|QF P Na,K-,a
613 L KCIR[T —A[G|I RV|IMV|TGIDIHP I H,K-

611 QL CIRID —A|G|I RV|IMI|T G|[DINKG Ca-

544 CEAIKIT—LIGILS 1 XKIML|{TGIDIAVGG H-, Neurosp.
545 S EARIH—L|GIL R VKIML|T G|D|A V G H-, yeast
243 EYFRDQEGQDVLLFIDL\I_IFR F1-, B3, bov.
267 EY FIR[D —R|G|E D A{L I 1}Y|{DID|L S K F1, «, coli
277 VL—R|IGNG|G|IAFVILVLI|YD|E|Il KK ATP-ADP exch.
104 EFERK—I1|GIQP TILLLIYVIDIAGP Aden. kin.
87 EQLIKIK—H|G|I QGILVV|IIGGDGS Phosphofr.
d) Segment binding FSBA and CI-ATP in Na,K-ATPase

*

703 QIGAIVAVTGDGVNDSPALKK Na,K-,a
717 LIGAIVAVTGDGVNDSPALKK H.K-

694 YDE|I TAMITGDGVNDAPALKK Ca-

625 RIGIYILVAMITGDGVNDAPSLKK H-, Neurosp.
625 RIGIYILVAIMITGDGVNDAPSLKK H-, yeast
509 E(G|RIL V AIM[TGD G|ITINDA P AL|AQ KdpB

467 QIGIKK|VIIMV|GD G IINDAP S LIAR K-S.f.

2 References to sequences: Na,K-ATPase, « subunit [111], H,K-ATPase [180], Ca-ATPase [19],
Ca-ATPase pl. m. [58], H-ATPase, yeast [177], H-ATPase, Neurospora [1], KdpB [82], K-ATPase, S.
faecalis [185], F1-ATPase, 8, E. coli and bovine [205], ADP-ATP exchange [10], adenylate kinase [64],
phosphofructokinase [114]. Labeling with FSBA [141] and CI-ATP [149].

plasmic protrusion has been drawn as in Fig. 5 with-
out attempts to illustrate molecular detail of the
binding site.

B. NucLeoTIDE SITE OoF Ca-ATPase

In addition to the segments identified in Table 1,
nucleotide-specific reactions show that other resi-
dues are involved in ATP binding. Trp-552 is the
only tryptophan residue in the central domain and
efficient energy transfer to bound nucleotides sug-
gests that it may be located close to the nucleotide

binding area [27, 135]. Cys-674 can be modified
with fluorescent and spin-label derivatives of iodo-
acetamide showing nucleotide-induced spectral
changes [11, 32, 187, 209]. N-iodoacetyl-N'-(5-
sulfo-1-naphtyl)  ethylenediamine (IAEDANS)
bound at Cys 674 has been localized as much as 50—
60 A from the FITC site and only 1618 A from Ca
sites. It is suggested that Ca sites are N-terminal to
the site for insertion of FITC and that the two sub-
domains are folded onto each other, each forming
the wall of a cleft containing the bound ATP [187]
with FITC and IAEDANS sites being located at the
ends. The rapid primary tryptic cleavage at T; (Arg
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505) is independent of conformation, but ATP bind-
ing stabilizes interaction between the tryptic frag-
ments after cleavage at Arg 505 and also prevents
cross-linking of the fragments with glutaraldehyde
[48, 164]. The data agree with the notion that T,
divides the central cytoplasmic segment into two
subdomains (res. 309-5035 and 506-738).

C. CATION SITES

The problem of assigning Na*, K* or Ca’* binding
sites to residues in the amino acid sequences has
not been solved. It will also be important to learn if
cation sites are located in the cytoplasmic protru-
sion or if they are part of the intramembrane portion
of the pump protein. Studies of cation binding at
equilibrium (for ref. see 95) and competition be-
tween Na®™ and K* for binding and occlusion (62,
102] are in agreement with the notion that the Na,K-
pump possesses a single set of sites for binding of
either Na® or K*.

Stabilization of occluded E; or E, forms of the
protein allows detailed examination of loading and
unloading of cation sites under the influence of
specific ligands, but cation sites have not been
identified in c-subunit or B-subunit sequences.
N,N'-dicyclohexylcarbodiimide (DCCD) inhibits
Na,K-ATPase in a Na*- or K*-dependent manner
suggesting that it binds to carbonyls that are essen-
tial for activity, but inactivation may be due to
crosslinking by formation of intrapeptide bonds
rather than modification of specific carboxyls that
are part of cation sites [72, 153].

The peptide chain of Ca-ATPase in the E; state

forms two cytoplasmic high affinity sites for Ca?* -

(Kys 0.1-1 uM). Binding isotherms show evidence
of positive cooperativity and the dissociation of the
two Ca’* ions occurs in an ordered way as mea-
sured in isotope exchange experiments [46, 137].
This indicates that the two sites are nonequivalent
because one Ca?* ion sterically hinders access of
the other to solvent.

Examination of known site structures of vari-
ous Ca’*-binding proteins indicates that high affin-
ity requires 6-7 coordinating protein oxygen atoms
per Ca?* ion, including several carboxyl groups
[204]. NMR and luminescence studies with lan-
thanide ions indicate that the first coordination
sphere of bound ion contains as little as 1-3 water
molecules [172, 189]. Transformation of E,Ca; to
the occluded E,P[Ca,;] form and thereafter to the
low affinity E,PCa, form probably involves changes
of the number of coordinating groups and of the
state of hydration of Ca?* [189, 196]. Redistribution
of coordinating groups as part of E,—E, transition is

suggested from the observation of a larger number
of low affinity Ca’* sites on the extracytoplasmic
surface in E, forms relative to E; forms [75].

Although the sequence data do not indicate the
existence of a classical EF-hand Ca’" site, studies
with monoclonal antibodies show that there may be
a site on Ca-ATPase with a similar tertiary structure
as the EF-hand sites [214]. Carboxyl groups are
present at a high density in the N-terminal quarter
of the Ca-ATPase peptide and some of those lo-
cated on A2 (res. 1-198) can be protected from car-
bodiimide labeling by Ca?* [26, 156). The putative
Ca?* sites identified by carbodiimide labeling are
located close to or within the lipid bilayer and at a
long distance (40-50 A) from the FITC binding site
as measured in fluorescence energy transfer studies
[173, 174]. The distance between the two Ca?* sites
is only about 10 A {173]. The suggested amphipatic
helices connecting transmembrane segments in the
N-terminal region with cytoplasmic segments have
been implicated in formation of Ca?* sites [19]. It
has been proposed that ion movement and affinity
changes in relation to the E;~E, transition should be
understood in terms of twisting and realignment of
these helices [19].

VHI. Structural E—E; Transitions Detected by
Proteolytic Cleavage

Exposure and protection of bonds on the surface of
the cytoplasmic protrusion provides unequivocal
evidence for structural changes in a-subunit accom-
panying E,—E, transition in Na,K-ATPase [93, 95].
This provided a short cut to identification of resi-
dues involved in E;-E, transition [100] and to de-
tection of structure function relationships [102].
The conformational change involves residues in
ATP binding and phosphorylation domains, and it is
transmitted to the extracytoplasmic surface with
changes in binding affinity for cations and ouabain.
In addition to bonds exposed to proteolysis, the
transition involves tryptophans, sulfhydryl groups,
prononizable groups and residues binding FITC and
iodoacetamide fluorescein [103] (see previous re-
views for details [68, 95]). This treatise will focus on
attempts to identify residues in the amino acid se-
quences that undergo spatial rearrangements as part
of E,—E, transition and cation translocation.

A. CONFORMATION-DEPENDENT PROTEOLYTIC
CLEAVAGE OF Na,K-ATPase

Definition of E; and E, conformations of a-subunit
of Na,K-ATPase involves identification of cleavage
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points in the protein as well as association of cleav-
age with different rates of inactivation of Na,K-
ATPase and K-phosphatase activities [93, 94]. In
the E; form of Na,K-ATPase the cleavage patterns
of the two serine proteases are clearly distinct. Chy-
motrypsin cleaves at Leun 266 (Cs;), and both Na, K-
ATPase and K-phosphatase are inactivated in a mo-
noexponential pattern. Trypsin cleaves the E; form
rapidly at Lys 30 (T,) and more slowly at Arg 262
(T3) to produce the characteristic biphasic pattern
of inactivation shown in Fig. 6. Localization of
these splits was determined by sequencing N-ter-
mini of fragments after isolation on high resolution
gel filtration columns [100].

The E, form is not cleaved by chymotrypsin,
but trypsin cleaves at Arg-438 (T,) and subsequently
at Lys-30 (T,) and tryptic inactivation of E,K or E,P
forms is linear and associated with cleavage at Arg-
438 (Ty) [93, 100]. Inactivation of K-phosphatase is
delayed because cleavage of T and T, in sequence
is required for inactivation of K-phosphatase activ-
ity [94]. A bond in the C-terminal half of a-subunit
may be exposed in ouabain-bound complexes [25,
28].

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 position
of T, in the N-terminus is altered relative to the
central domain (T,) so that cleavage of T; becomes

secondary to cleavage of T, within the same a-sub-
unit in the Ey-form.

B. CLEAVED DERIVATIVES OF Na,K-ATPase

Selective cleavage of bonds in a-subunit of Na,K-
ATPase is important for examining structure-func-
tion relationships for the protein. Table 2 shows the
results of a series of experiments that allow distinc-
tion of direct modification of the function of ligand
binding sites from effects on the conformational
equilibria between E; and E, forms of the protein.

C. CLEAVAGE OF BOND 2 AND REGULATORY
FunNcTioN oF N-TERMINUS

The N-terminus of the «-subunit is strongly hydro-
philic with clusters of alternating positive and nega-
tive residues between residues 15 and 60. It is a
flexible structure with a strong propensity for -
helix formation and several predicted turns, notably
at residues 14-16, 35-26, 49--50 and 70-72. The re-
moval of residues 1-30 by selective tryptic cleavage
at Lys 30 (T5) is possible because the rate of cleav-
age of this bond is up to 60-fold higher than the rate
of tryptic cleavage at Arg-262 (T;) in the second
slow phase of inactivation. Removal of residues 1-
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Table 2. Properties of unique cleaved derivatives of Na,K-ATPase

Enzymatic activity Cleavage
ligand binding or -
transport capacity T, C,
Lys-30 Leu-266 Control

Na.K-ATPase 40-50% 0% 100%
ATP-ADP exchange 1509 4-500% 100%
ATP binding

Capacity 100% [00% 100%

Affinity (K, uM) — 075 045
Phosphorylation

Capacity 100% 100%: 100%

E,\P/E,P ratio 55/45 100/0 14/84
Rb binding

Capacity 100% 100% 100%

Affinity (K; uM) 9-19 9-12 9-12
Rb-Rb exchange ND 60-70% 100% (10-2 sec™ )
(P-ATP) Rb-Rb exchange — 10% 100% (30-40 sec™")
(ATP-ADP) Na-Na exchange — 15% 100% (20-30 sec™)
(ATP) Na,K transport 40-50% 17% 100% (491 sec™')
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Compiled from references 93-96, 101 and 102.

30 reduces Na,K-ATPase activity by 50-60% [94]
with a parallel loss of Na,K-transport [108]. The
loss of activity is explained by a poise of equilibria
between cation bound (E;Na-E;K) and phospho-
forms (E,P-E,;P) in direction of E, forms [95].
These properties of the selectively cleaved deriva-
tive suggested that charged residues in the N-termi-
nus engage in salt bridge formation as part of E;-E;
transition [100-102] and that this is important for
control of the rate of active Na,K-transport by
pumps containing the « isoform.

These data, in combination with the observa-
tion of substantial differences between amino acid
sequences in the N-terminal region of the a, a+,
and «-I11 isoforms [178] (c¢f. Fig. 3), suggest that the
different properties of these isoforms may be ex-
plained by differences in rates of E,-E; transitions.
The first 30 residues of the « isoform has a high
frequency of charges with eight lysines and two ar-
ginines. In the a+ isoform there are two negative
and three positive charges fewer in this segment
than in the « isoform suggesting that the strength of
salt bridges formed with other segments may be
weaker. The first 11 residues of «-III isoform are
not homologous with the other isoforms, but all iso-
forms of a-subunit have a stretch of lysines around
res. 30 [178]. Also the N-terminus of H,K-ATPase
[180] possesses a lysine-rich sequence with strong
homology with the a-subunit around T,. Biphasic
cleavage patterns resembling those in Na,K-

ATPase have also been demonstrated in H,K-
ATPase [167], but so far without identification of
cleavage points.

The N-terminus in Ca-ATPase [19] has fewer
charges and shows no homology with that of Na,K-
ATPase and H,K-ATPase. There is no evidence for
selective cleavage nor for a regulatory role of the
region in control of E,~E, and rate of transport of
Ca*t.

D. EFrecT OF C; CLEAVAGE ON E{P-E,P
TRANSITION AND CATION EXCHANGE

The alternating exposure of T| (Arg-438) in the E,-
form and C; (Leu-266) or T; (Arg-262) in the E, form
reflects that motion within the segment (M, 18,170)
between these bonds including the phosphorylated
residue (Asp-369) is an important element in E|-E,
transition. This is illustrated by the widely different
consequences of selective cleavage of Cy and T for
E,—E, transition and cation exchange.

C; cleavage is a selective and particularly effi-
cient tool for examining structure-function relation-
ships of the second cytoplasmic domain (Table 2).
Binding affinities for ADP and ATP are reduced
four- to fivefold while TNP-ATP and eosin bind
with the same affinity as in native Na,K-ATPase
{101, 102]. Nucleotide binding is not affected by K*
or Rb* although cation sites are undamaged. Con-
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versely the cleaved enzyme also binds *Rb with
high affinity [101] and it occludes the cations, but
cation binding and occlusion are unaffected by nu-
cleotide.

Combination of C; and T, cleavages allowed
comparison of the properties of four phosphopep-
tides, the intact a-subunit, and the 83-kDa, 47-kDa,
and 18-kDa fragments [102]. Transfer of phosphate
from ATP to the fragments remains sensitive to Na*
but the 87-kDa and 18-kDa fragments are stabilized
in the E,P form. This is a specific effect of C; cleav-
age, because comparison with the properties of the
47-kDa fragment shows that after cleavage of T
alone, the 47-kDa fragment forms both E;P and E,P
and the Na-Na and K-K exchange reactions are pre-
served. Stabilization of the protein in the E,P form
after C; cleavage allows demonstration of 2Na oc-
clusion [68] and the split abolishes the transient cur-
rent associated with the translocation of Na* in the
first turnover of the pump [9].

Transport studies in reconstituted vesicles
show that C; cleavage blocks the relatively fast Na-
Na or K-K exchange (20-40 sec™!) and Na-K ex-
change (500 sec™!), but the slow passive ouabain-
sensitive Rb-Rb-exchange (1 sec™!) and occlusion of
K* or Na* are only partially affected. This is basis
for the conclusion that Cs cleavage interferes with
coordination between structural changes of the
phosphorylated segment and cation sites that may
be formed by segments in the second cytoplasmic
domain of the a-subunit [101, 102].

E. IDENTIFICATION OF E—E, FOrRMS IN
H,K-ATPase BY PROTEOLYSIS

Tryptic cleavage of H,K-ATPase of gastric mucosa
depends on conformation in patterns resembling
those observed for Na,K-ATPase. In K* medium,
in the E, form, cleavage is near the middle of the
chain with appearance of fragments of 47 and 60
kDa. ATP and Mg?" induces a biphasic time course
of inactivation with appearance of a larger fragment
with a mass of 78 kDa [167]. Fragments of 47 and 87
kDa are phosphorylated from ATP. Specific cleav-
age points have not been localized, but homologies
with the a-subunit of Na,K-ATPase suggest that T,
is found in H,K-ATPase at Lys-455. T, is probably
at Lys-39 and the sequences around T; and C; in a-
subunit of Na,K-ATPase are found at Lys-280 (T3)
and Leu-283 (C;) in H,K-ATPase. These bonds
have not been identified as cleavage points in H, K-
ATPase, but cleavage here would result in fragment
sizes of 84, 49, and 65 kDa, that agree well with the
experimental observations [168].

F. CoNFORMATION-DEPENDENT CLEAVAGE
IN Ca-ATPase

Tryptic cleavage at T; (Arg 503) and T, (Arg 198) of
Ca-ATPase produces three major fragments: A2
(res. 1-198), Al (res. 199-505), and B (res. 306-
1001) (128, 197). Cleavage at T, is conformation-
dependent-like cleavage of T3 and Cs; in the same
domain of Na,K-ATPase [2, 3, 7, 89]. The ADP-
sensitive phosphoenzyme, E/P, exposes Arg-198 as
does the unphosphorylated E, form. The bond is
protected in both the ADP-insensitive phosphoen-
zyme, E;P and in unphosphorylated E,, stabilized
with vanadate. This means that tryptic cleavage at
Arg-198 defines the two major conformational
classes of Ca-ATPase, irrespective of whether
phosphate is bound or not {7]. The characteristic
tryptic cleavage patterns of E; and E, states of Ca-
ATPase are observed even after solubilization in
monomeric form with octaethylene-glycol-monodo-
decylether (C,Es) [S]. This shows that protection of
the bond at Arg-198 in E, forms results directly
from a change in folding of individual peptide chains
rather than from a change of lipid-protein or pro-
tein-protein interaction. Further secondary splitting
of the tryptic fragment Al (res. 199-505) is also
conformation dependent [88, 89].

G. CLEAVED DERIVATIVES OF Ca-ATPase

Tryptic cleavage inhibits both ATP hydrolysis and
Ca?* transport, probably by interfering with transi-
tion from ADP-sensitive to ADP-insensitive phos-
phoenzyme [2, 88]. This effect is most pronounced
after secondary cleavage of the Al and A2 peptides
to smaller fragments [88]. The functional distur-
bance may be due to loss of small peptide segments
from the protein. Previously, an increased perme-
ability of the membrane after tryptic digestion was
interpreted as uncoupling of ATP hydrolysis from
Ca transport [175]. This is basis for the use of the
term *‘transduction domain’’ [19], but the perme-
ability increase may be due to cleavage of other
proteins in the sarcoplasmic reticulum membrane.

IX. Transposition of Mass Accompanying
E;1-E, Transition

Altered degrees of immersion of protein into the
hydrophobic environment of the membrane may be
monitored by photoactivatable hydrophobic re-
agents [15]. Labeling of a-subunit of Na,K-ATPase
[105] and Ca-ATPase [7] provide evidence that
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movement of peptide segments between hydro-
philic and hydrophobic environments may accom-
pany E,-E, transitions. The hydrophobic photoac-
tivatable lable ['¥J]-iodonaphtylazide [15] labels E,
forms 10-25% more than E, forms of Na,K-ATPase
[105]. A more detailed analysis shows that the hy-
drophobic photolabel ['%]]-trifluoromethyl-phenyl-
diazirine (TID) [23] may be used to determine rela-
tive accessibility of the peptide chain from the lipid
phase in four different functional states of Ca-
ATPase: E,Ca,, EPCa,, E,V and E, [7]. The phos-
phorylated E,PCa, form was stabilized by use of
CrATP as phosphorylating substrate, whereas the
vanadate bound E,V represented a stable E, state.
In E, forms the degree of hydrophobic labeling was
found to be 10~-20% higher than in E; forms. The
preferential hydrophobic labeling of E, forms was
located on the C-terminal side of the conforma-
tional-sensitive tryptic split, with 70% higher label-
ing of the Al fragment (res. 199-505) than of other
segments of the Ca-ATPase protein. The Al frag-
ment also contains the phosphorylated aspartyl res-
idue. Assuming that labeling with TID distributes
evenly on peptide segments in contact with lipid
[23] and that at least 200 amino acid residues are
buried in the membrane in E, forms, it can be calcu-
lated that the different between hydrophobic label-
ing of E; and E, forms corresponds to movement of
a minimum of 38 residues into the bilayer [7].

Examination of E; crystals of Ca-ATPase sug-
gests a deeper immersion of the peptide chain in the
bilayer relative to noncrystalline E; forms [31, 751.
Transposition of peptide mass from the cytoplasmic
surface into the lipid phase during the functional
cycle has also been inferred from time-resolved X-
ray diffraction of oriented multilayers after syn-
chronization of phosphorylation with caged ATP
(16]. The observed change in X-ray diffraction pat-
tern occurred with a rate constant which was higher
than the assumed rate of E,P—E,P transition. There-
fore it is not clear whether the movement detected
in this way should be ascribed to phosphoenzyme
isomerization or to formation of E;P and concomi-
tant Ca?* occlusion.

A. TRYPTOPHAN FLUORESCENCE

If E;—E, transitions in both Na,K-ATPase and Ca-
ATPase are accompanied by movement of peptide
segments from cytoplasmic to hydrophobic envi-
ronments if may appear surprising that changes in
intensity of intrinsic fluorescence takes opposite di-
rections in the two proteins. Tryptophan fluores-
cence is increased 2-3% by transition from E,; to E,

in Na,K-ATPase [109], while E,-E, transition in
Ca-ATPase causes a 4-5% reduction in fluores-
cence intensity [5, 46]. These qualitative differences
in fluorescence of E, and E, forms of the two pump
proteins may be understood in terms of different
locations of the tryptophans in the protein struc-
tures. In Na,K-ATPase, only two of a total of 12
tryptophans in the «-subunit are located in pre-
dicted transmembrane segments, whereas all ex-
cept two of the 13 tryptophans in Ca-ATPase are in
the membrane region. Quenching analysis of Na,K-
ATPase suggests that the tryptophan fluorescence
changes are directly related to change of overall
protein conformation [200]. For Ca-ATPase the in-
crease of fluorescence accompanying Ca?* binding
may reflect local Ca-induced shielding from aque-
ous solvents of tryptophans that are located near
the level of the phospholipid head groups [174].
Phosphoenzyme transition may be reflected by
changes in position of Trp 552 in the nucleotide
binding domain [27].

B. SECONDARY STRUCTURE CHANGES

Circular dichroism spectroscopy may detect
changes in ratio between secondary structure ele-
ments, but even large shifts in position of a-helices
and B-sheets relative to each other do not affect CD
spectra. The question whether E,—E, transitions are
accompanied by changes in ratio among secondary
structure elements raised some controversy. CD
spectroscopy shows that Na,K-ATPase contains a
roughly equal mixture of a-helical, 8-sheet and ran-
dom coil structures [74] and changes in CD spectra
accompanying exchange of Na't for K* are inter-
preted to involve a-helix to S-helix to 3-sheet tran-
sition of about 7% [74]. In contrast to this it was
found by another group that addition of K™ to a
Tris-HCl medium did not cause changes in CD
spectra [76]. In Ca-ATPase CD spectra remain un-
changed during E—E, transition [35, 136].

X. Binding and Occlusion of Cations

A. CONFORMATION OF OccLUDED COMPLEXES OF
Na,K-ATPase

Occluded cations are bound within the structure of
the pump protein so that they are prevented from
exchange with medium cations [157]. The presump-
tive occlusion cavity may be part of the transport
pathway, because occlusion and release of cations
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from the cavity is governed by physiological ligands
[107]. Recently, it was shown that the aB-unit is the
minimum functional unit for occlusion of *Na or
8Rb in Na,K-ATPase [203]. This observation
shows that the presumptive occlusion cavity is
formed within the structure of an aB-unit and that
interaction between a-subunits is not required for
occlusion.

Understanding the relationship between occlu-
sion-deocclusion and E,-E, transitions in the pro-
tein may be a key to solving the cation transport
mechanism. It is therefore important to determine
the protein conformations of the occluded com-
plexes of Na,K-ATPase with Na® or Rb*. It is gen-
erally accepted that Na' ions are occluded in
E,P[Na] phosphoforms and that Rb* (or K*) are
stabilized in an E,[K] form, but as discussed below,
there is also evidence for occlusion of Na* in E,P
forms and for occlusion of K* in E; forms of the
protein.

Post et al. [157] operationally defined occlusion
as the state of Rb" in Na,K-ATPase after dephos-
phorylation, but it is now clear that Rb*/K* may
enter and leave the occluded state at both mem-
brane surfaces. Occlusion can be measured directly
using Dowex columns [14, 69] or filters [60] for re-
moving freely exchangeable cation. The capacity in
purified Na,K-ATPase corresponds to two Rb* ions
per aB-unit both in the membranous and in the solu-
ble state [203]. ATP and ADP act with low affinity
(K, 0.3-1 mm) to induce transition from E;(K2),cq
to E{(K2)ATP and rapid release of both ions [68,

107, 109]. These are normal steps in the reaction
cycle and represent a significant rate limitation in
the pump cycle at low ATP [104]. Phosphorylation
from P; releases occluded Rb* or K* ions at the
extracellular surface of the pump with rates of 5-15
sec”! at 20°C. In presence of Na* both ions are
rapidly released, but with K* in the medium there is
slow release of one occluded ion. This lends sup-
port to a flickering gate hypothesis for deocclusion
to the extracellular surface [61].

After cleavage of bond C; (Leu-266) with chy-
motrypsin [102] the E,P form occludes Na* ions
with a stoichiometry of 3Na/EP [68]. Lower capaci-
ties are seen after treatment with N-ethylmaleimide
[68] or oligomycin [55]. With CrATP as phosphory-
lating substrate, values of 2?Na occlusion as high as
11 nmol/mg protein, were reached (Fig. 7) in se-
lected purified preparations of Na,K-ATPase with 6
nmol EP/mg protein [203]. This yields a stoichiome-
try of 1.8 Na/EP, but appropriate extrapolation for
unsaturation of binding sites corrects this value to
2.7 Na/EP. Phosphorylation from CrATP stabilizes
a Na-occluded conformation. CrADP-E,P[Na]. Ex-
amination of tryptic cleavage patterns of the
CrADP-EP[Na] form, confirms that the e-subunit
is cleaved according to the pattern that is character-
istic for the E, form (unpublished, cf. 93). In Fig. 7,
occlusion of Na* in CrADP-EP[Na] is compared
with occlusion of Na* in complexes with ouabain
(cf. 62). It is seen that the capacity for occlusion of
Na' is low in presence of Mg?* and ouabain, but
that it is increased to 5—-6 nmol/mg protein in pres-
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ence of 1 mmol/liter phosphate without changing
the apparent affinity for Na*. Phosphorylation of
the aspartyl residue may thus be necessary for oc-
clusion or directly involved in coordinating the cat-
ion in the E, form. The capacity for Na* occlusion
by the Ouab-E,P[Na] complex is lower than that of
the CrADP-EP[Na] complex. This may suggest
that the transition from EP to E,P involves the re-
lease of one of the occluded Na* ions as shown in
Fig. 10(a).

Rb* (or K*) ions are occluded in the E,[Rb]
form but there is also evidence for occlusion of Rb™
in E, forms [101]. Formation of a ternary complex
of Na,K-ATPase, K* and ATP is clearly demon-
strated after cleavage by chymotrypsin or after
blocking sulfhydryl groups. The chymotrypsin-
cleaved enzyme occludes Rb* (or K*) with high
affinity in a process that is unaffected by ATP and
without changes in fluorescence from intrinsic or
extrinsic probes [101]. Na® and Rb* (or K*) com-
pete for occlusion in the chymotrypsin-cleaved
E,ATP form [101] and in complexes of Na,K-
ATPase with ouabain and P; [62]. This is in agree-
ment with the notion that a single set of cation sites
may bind and occlude either Na* or Rb* (or K*).
The evidence for formation of occluded complexes
of the aB-unit of Na,K-ATPase with Na* or Rb™ (or
K*) in both E; and E, forms is basis for the reaction
cycle and transport model in Fig. 10.

B. OccrusioN oF Ca?*

Occlusion of Ca?* is analogous to occlusion of Na*
in E{P of Na,K-ATPase. The occluded Ca’* ions
can be released on either side of the membrane,
depending on whether the phosphoenzyme is per-
mitted to undergo the transition to ADP-insensitive
E,P with luminally oriented CaZ* sites or it is de-
phosphorylated by the backward reaction with ADP
[45, 63, 190, 194]. A stable Ca’>"-occluded form can
be obtained with CrATP as phosphorylating sub-
strate [176, 202]. In this complex Ca?" is occluded
in a monomeric Ca-ATPase unit and the tryptic
cleavage pattern is similar to the unphosphorylated
E, form [7]. The structural rearrangements involved
in occlusion may thus be of limited extent, possibly
involving addition of a pair of coordinating groups
and removal of the last few water molecules in the
first coordination sphere of bound Ca?".

The demonstration of Ca-occluded E; forms of
the protein [176, 202] suggests that phosphoryl
transfer from ATP to the aspartyl residue accompa-
nies occlusion of Ca?*, while translocation and re-
lease of Ca?" at the extra-cytoplasmic surface are
coupled to the subsequent steps, E,P-E,P transi-
tion and dephosphorylation.

XI. Coupling of E1~E,; Transitions to Cation
Transport

A. HiGH AND Low ENERGY PHOSPHATE FORMS,
EP-E,P

A fundamental property of E; and E, forms of both
Na,K-ATPase and Ca-ATPase is their specific
chemical reactivities. E; forms of both enzymes ac-
cept y-phosphate from ATP, whereas E; forms re-
act with P;. E,P forms are ADP sensitive, whereas
E,P forms do not transfer phosphate to ADP {39,
68]. The molecular basis for these distinctions has
not been elucidated in detail, but proteolytic cleav-
age and hydrophobic labeling studies suggest that
rearrangement of peptide structures formed from
the segment connecting the second cytoplasmic do-
main with the phosphorylated aspartic acid residue
may play an important role [102]. A separation of
phosphate from the nucleotide site in E, forms was
proposed as an interpretation of the effects of pro-
teolytic cleavage of bonds 1 and 3 in the o-subunit
of Na,K-ATPase on phosphorylation, dephosphor-
ylation and cation exchange [102]. For Ca-ATPase a
close relationship has been established between
events in the catalytic site and reduction of Ca affin-
ity (Fig. 8) [3, 39] leading to a form that releases
Ca?* at the luminal surface of the SR membrane.

Based on a series of studies of the effect of
organic solvent on the reaction of Ca-ATPase with
P; and ATP synthesis, DeMeis proposed that a dif-
ferent solvent structure in the phosphate microenvi-
ronment in E; and E, forms the basis for existence
of high and low energy forms of the aspartyl phos-
phate [39, 40, 154]. Acyl phosphates have relatively
low free energy of hydrolysis when the activity of
water is reduced, due to the change of solvation
energy. The covalently bound phosphate may also
reside in a hydrophobic environment in E,P of
Na,K-ATPase since increased partition of P; into
the site is observed in presence of organic solvent
as shown in Fig. 9. It is seen that DMSO increases
the affinity of Na,K-ATPase for inorganic phos-
phate in the same manner as in Ca-ATPase.

In line with this, fluorescence quenching [36,
47, 83], spin-label studies [32], and intramolecular
cross-linking [164] suggest that the nucleotide site
of Ca-ATPase undergoes rearrangements in relation
to E,P-E,P transitions. The site has a lower acces-
sibility to bulk solvent and a more hydrophobic
character in E, forms, especially in E,P relative to
E; forms. Cross-linking experiments involving ly-
sines near the active site in Ca-ATPase suggest that
glutaraldehyde has restricted access to the active
site in E,P [164]. A tentative interpretation is that an
interdomain movement closes the active site cleft.
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Fig. 8. Relationship between E,P-E,P
transition and reduction of Ca?* affinity in
soluble monomeric Ca-ATPase. Upper panel
shows appearance of ADP-insensitive E,P and
rise of fluorescence from bound TNP-ADP.
Lower panel shows dissociation of Ca?* due
to EP-E,P transition as measured with the
indicator dye murexide. Modified from Ref. 3

Fig. 9. Effect of DMSO on formation of
acid-soluble phosphoenzyme from 32P; and
purified Na,K-ATPase. It is seen that DMSO
~ increases the apparent affinity of
Na,K-ATPase for P; from >1 mm to 120 um.
4 Conditions of experiment were similar to
those used by DeMeis et al. for Ca-ATPase
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Closure of the open E;P conformation during transi-
tion to E,P may explain the restricted access of wa-
ter and glutaraldehyde to the active site of the E,P
intermediate.

In the reaction scheme for Na,K-pumping in
Fig. 10, the E,-E, transitions constitute the cation
translocation steps, Na extrusion involving the
EP-E,P transitions and K update the E;K-E;ATP
transition. Na* and K* are transported in sequence,

Na® first and then K™ in a ping-pong, sequential
reaction, but this model is challenged by some au-
thors. In a recent review, Glynn [68] evaluates
problems related to interpretation of kinetic studies
with [v*?P]-ATP and examines in detail the argu-
ments for and against the competence of EP and
E,P in this transport cycle.

Recent developments have allowed more direct
studies of the correlation between E,—E, transitions
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Fig. 10. (a) E;-E, reaction cycle of the Na,K
pump with four major occluded conformations
and ping-pong sequential cation translocation.
The phosphoforms occlude Na* and
dephosphoforms occlude K* or Rb*. Na* and
K+ without brackets are cations bound to an
open form such that they can exchange with
medium cation. [Na] or [K] within brackets
are occluded and prevented from exchanging
et with medium cations. It is proposed that
release of Na,,; accompanies transition from

Na

K
[K] E, ’—7T*'é Ez—Pﬁi—' E,-P
P, HOH 2K

a

and cation translocation. New techniques have
been introduced for studying effects of membrane
potential in reconstituted vesicles [162], presteady-

state cation fluxes in vesicles [60, 106], and
measurement of transient Na transport currents in
planar lipid bilayers reconstituted with purified
Na,K-ATPase [57, 134] and for voltage clamping in
intact cells [41, 138]. Data from this work provide
convincing evidence for correlation of ping-pong
transport of Na®™ and K* with E;-E; transitions in
the protein.

B. E;—E, TRANSITIONS IN VESICLES
RECONSTITUTED WITH PURIFIED Na,K-ATPase

The first problem in examining the relevance of E,—
E, transitions for active cation transport was to de-
termine the sidedness of ligand effects on the con-
formation of the pump and the correlation between
conformational changes and cation translocation.

EP{Na,] to E,P[Na2] since capacity for
occlusion of Na* in the onabain-stabilized
form is lower than after incubation with
CrATP (Fig. 7). (b) A structure model for
formation of cation pathway through the
aB-unit of Na,K-ATPase with reference to the
reaction scheme in (a). The afB-unit possesses
cytoplasmic (a-subunit) and extracellular
protrusions (3-subunit) and an intramembraae
portion. The cylinders indicate a sheet of 8 +
1 transmembrane helices. Inside this sheet, a
functional core organized in amphipatic
helices or B-sheet structures forms the cation
binding region. Motion of the cation
coordinating groups constitutes an essential
part of the E,-FE, transition. This transition
effects transfer of occluded cations between a
position near the intracellular aspect of the
pump protein to a position near the
extracellular mouth of the cation pathway.
The E~E, transition involves transposition of
mass from relatively hydrophilic to
hydrophobic environments. This may be
achieved by removing charges and exposing
hydrophobic segments to the outer ring of
hydrophobic transmembrane helices of the
af-unit

Tryptic digestion of Na,K pumps reconstituted with
their cytoplasmic aspects facing outward gives bi-
phasic or linear pattens of inactivation of Na,K
transport that are similar to those for inactivatin of
purified membrane-bound Na,K-ATPase [108].
These experiments show that K* and Na™ ions sta-
bilize E,K or E;Na, respectively, after combination
with sites on the cytoplasmic surface.

Effects of electrical diffusion potentials on the
individual conformational transitions can be exam-
ined after fluorescein labeling of reconstituted Na,K
pumps with their cytoplasmic aspect facing out-
ward. This permits examination of electrical diffu-
sion potentials on the individual conformational
transitions. It is observed that diffusion potentials
do not affect rates of conformational transitions E,;
(K2)-E,(K2)oces 01 the cation titration of the equilib-
rium [162]. This observation suggests that the K-
transport step itself does not move net charge
across the membrane and that its rate would be in-
dependent of membrane potential. This has recently
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been confirmed both in reconstituted vesicles [70]
and in intact cells [41].

In contrast, the rate of EP[3Na],..—E-P[2Na]
(Fig. 10) was accelerated about fourfold by a poten-
tial of 180 mV negative inside the vesicles [162].
This effect on the rate of the conformational transi-
tion agrees with effects of membrane potential on
the rate of Na,K transport and the recent demon-
stration that the outward transport of Na* is elec-
trogenic both in planar bilayers [57] and in heart
cells [138].

C. VOLTAGE-SENSITIVE TRANSPORT STEPS AND
PRESTEADY-STATE FLUXES

Membrane potential, negative inside accelerates the
rate of ATP-dependent Na,K transport by pumps
with their cytoplasmic aspects facing outward in the
vesicle membrane. At saturating ATP concentra-
tion the E;P-E,P step is rate limiting and Na,K
transport is accelerated about 30% by a potential of
—180 mV [70]. This effect disappears at low ATP
concentration, where the rate-limiting step is the
E,[K2]-ATPE,[K2] transition (Fig. 10). The inter-
pretation is that there is one net positive charge in
the transport domain when three Na' ions are
bound, while there is no net mobile charge when
two K* ions are bound. These observations are in
agreement with studies on intact cells [41, 65].
Another important test of the E;P—E,P scheme
and the coupling to ping-pong ion translocation is
the separation of presteady-state Na* and K* fluxes
in vesicles. Forbush [60] loaded right-side-out
plasma membrane vesicles with caged ATP and ini-
tiated a single turnover of the pump with a flash of
light. Karlish and Kaplan [106] measured ATP-de-
pendent uptake of ??Na in reconstituted vesicles at
0°C. Both experiments show an initial burst of ?Na
uptake reflecting transfer in the first turnover of the
Na,K pump which is insensitive to K* at the extra-
cellular surface. The time of appearance of the burst
shows that Na* transport involves more steps than
formation of E,P and that Na* efflux is an early
event in the pump cycle relative to K* influx.

D. ActivE Na,K-TRANSPORT BY PURIFIED
Na,K-ATPase 1IN PLANAR LirID BILAYER

In a new reconstitution technique [57], membrane
fragments containing purified Na,K-ATPase from
kidney [102] are adsorbed to planar lipid bilayers.
Light-induced conversion of caged ATP is used to
study transient currents coupled to Na' ion trans-
port in absence and presence of K™ [57, 134]. The
method allows differentiation between a K*-inde-

pendent, transient current and a Na* + K*-depen-
dent, stationary current reflecting the continuous
operation of the Na,K pump. Selection of the
change translocating step is possible since the tran-
sient current is selectively blocked by chymotryptic
cleavage [9]. In view of the earlier demonstration
that the cleavage of bond C; (Leu-267) of the a-
subunit stabilizes Na,K-ATPase in the Na-occluded
E,P[Na] form [102], the data show that reactions
preceding EP[Na3] are electrically silent. This
identifies the E;P-~E,P transition as the charge-
transiocating step. In the lipid bilayer, the Na*
transport step coupled to EP-E,P transition is
electrogenic both in absence and presence of KV
since Na® stimulates dephosphorylation at a low
rate in absence of K* [57]. This is in agreement with
recent observations on reconstituted vesicles [34].
Thus, measurement of transient Na* currents from
transport by Na,K-ATPase in black lipid mem-
branes shows that Na™ is released as an early elec-
trogenic event before K* is bound. The transient
Na* current elicited upon lysis of caged ATP is in
agreement with ping-pong transport of Na* first and
then K* as shown in Fig. 10. These conclusions
from work on the purified Na,K-ATPase in artificial
bilayers are in perfect agreement with the detailed
kinetic analysis of Na,K fluxes through the pump in
red blood cells [167].

XII1. Model for Occlusion and Translocation
of Nat and K+

The reaction cycle and transport models in Fig. 10
are based on evidence for the structure and function
of cation pumps that was discussed in the preceding
sections of this article. The functional unit is an «3-
unit (section VI), with cytoplasmic (section VI
and extracellular protrusions as revealed in three-
dimensional models of crystals of Na,K-ATPasc
(section 1V.B). In addition to the sheet of trans-
membrane helices predicted from analysis of hydro-
plots of the amino acid sequences (section IV.E), it
is proposed that the pump has a core of intramem-
brane amphipathic helices or B-sheet structures
(section IV.F), which participate in binding and
translocation of cations. The demonstration of oc-
cluded E, and E, forms (section X) in combination
with a single set of sites for binding of Na* or Rb*
(section VII.C) forms the basis for proposing the
moving pore model in which the steps of ion binding
and occlusion are distinct from the E,—E, transi-
tion. This model may be seen as alternative to a
combination of gates or ionophores with a hydrated
pore [¢f. 19, 199].

The data in section X showed that Na* ions are
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occluded in both the E,P[Na3] and E,P[Na2] forms
and in Section XI the E,P[Na3)-E,P[Na2] transi-
tion is identified as the charge-translocating step. In
the model in Fig. 10, dehydration of the cation and
coordination in an occluded conformation are there-
fore considered to be principal conditions for trans-
location. Occlusion of Na™ in the inward-facing E;
configuration of the cation sites is assumed to occur
at the level of transition between cytoplasmic and
intramembrane portions of the protein. As part of
the transposition of mass accompanying E;-E,
transition (section IX), the cation binding sites
move, but only over a fraction of the transmem-
brane length of the protein. The outward-facing E,
configuration of the cation sites is connected to the
extracellular aqueous phases through an access
mouth or channel.

In Fig. 10(b) the cation-binding sites consisting
of electrophilic carbonyl groups are located in a
cavity to accommodate the cations inside the pro-
tein. Transition from open to occluded forms of the
inward (E;)- or outward (E,)-facing configurations
involves only limited changes in conformation of
carbonyl residues and a substitution of solvent mol-
ecules from the inner coordination sphere of the
cation [101]. Dehydration of Na* takes place on the
cytoplasmic surface and after coordination of the
cation, the carbonyl groups rearrange from open to
occluded form. An essential part of the E~E, tran-
sition is the movement of the residues possessing
the coordinating carbonyl groups from the bottom
of the cytoplasmic mouth to the bottom of the extra-
cellular mouth of the cation pathway. At the extra-
cellular mouth of the cation pathway the site shifts
from closed to open configuration and Na® is rehy-
drated and released. The same set of coordinating
groups, except phosphate, bind K* from the out-
side. The mouth of the cation pathway is similar to
the mouth of the K channel which has the function
of dehydrating K* before the ions can pass the nar-
row part of the channel [¢f. 188].
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