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Abstract. A full understanding of the molecular mecha- lution. For example, studies on bacteriorhodopsin re-
nism of ion transport and energetics of the Na,K-ATPaserealed how structural transitions of the chromophore,
will require both structural and functional data. During following absorption of a photon (energy uptake), induce
recent years biophysical methods have provided a numa movement of the Schiff's base that is used, in a pre-
ber of important pieces of information on ion binding cisely tailored surrounding, to transfer a proton across
and release and the charge transfer process. This allowse central energy barrier in the transport pathway [31,
the formulation of kinetic models of the transport pro- 52, 53, 88]. Recently, convincing proof was given that a
cess. Although a breakthrough has not been obtaineghechanical movement of protein subunits, which form a
due to the lack of detailed knowledge on the three-rotor interacting with other parts of thgfR-ATPase, are
dimensional structure with a resolution high enough togple to synthesize ATP by a “downhill” movement of
identify the ion-binding sites and the transport pathway protons through the Junit or to pump protons “uphill”
the functional information has structural implications op the expense of ATP hydrolysis [22, 57, 63, 69, 96].
that create constraints on possible mechanisms of activ, this case concepts of well known macroscopic ma-
transport. Here we describe briefly contributions of chines, like a mechanic pump or a water-driven mill, can
some biop_hysical methods to our conceptual understangsg used, when scaled down, to describe these highly
ing of the ion transport process. specific machines with dimensions of a few nanometers.
In the case of the P-type ATPases such a compre-
hensive understanding is still lacking. Structural details
are now just becoming available, and in addition a com-

Key words: Sodium pump — Mechanistic properties —
Binding sites — lon transport — Structure-function re-

lationship plete mechanistic concept of the energy transduction has
not been formulated so far. lon pumps need not neces-

Introduction sarily work as a scaled-down version of known macro-
scopic machines.

Knowledge of the working of ion translocating mem- The Na,K-ATPase is a pump, in that it moves ions

brane proteins such as bacteriorhodopsin, the cytoacross the cell membrane from a lower to a higher elec-
chrome-c oxidase, and thgfi;-ATPase was gained only rochemical potential. However, the coupling of the sca-

after functional observations and kinetic analyses coulqy enzymatic process that transfers the Gibbs free energy
be correlated with structural information at atomic reso-gom the energy-rich ATP to the protein, and the vecto-
rial ion transport from one side of the membrane to the
other is poorly understood. The energetics of the P-type
- ion pumps, in so far as they have been determined, reveal
Correspondence td:.-J. Apell that none of the known reaction steps constitute a “power
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stroke”, analogous to that of a mechanical pump, whichcation specificities, and the presence @-aubunit. The
transfers the energy into the ion-moving process [4, 87structure confirms the topological organization of ten
94]. transmembrane helices deduced for Ca, Na,K-, H,K- and
As discussed below, there are numerous functionaH-pumps by biochemical techniques [61], and reveals
observations that emerge from studies of charge moveseveral unexpected features. It was found [91] that (i)
ments and other biophysical techniques. The concluboth ions are located side by side with a distance of 5.7
sions provide constraints on possible structural featured approximately in the middle of the transmembrane
and must be compatible with insights obtained by othersection of the protein, (ii) the ion binding sites are sur-
approaches such as mutagenesis. Eventually all of theyunded by the transmembrane helices M4—M6 and M8,
functional data must be explicable in terms of molecular(iii) the o helices M4 and M6 are partly unwound to
structure when this becomes available. provide efficient coordination geometry for the twoCa
ions, and (iv) a cavity with a rather wide opening, sur-
rounded by M2, M4 and M6 is discussed as an access
structure on the cytoplasmic side. The outlet of Ca
) ) . likely to be located in the area surrounded by M3-Mb5.
The Na,K-ATPase, like the gastric H,K-ATPase, Consiststhg” getails of C& occlusion sites fit well with that

of two subunits,a and . The genes for the Na,K- yaqced in extensive mutagenesis studies [14, 62]. The
ATPase have been cloned, including isoforms expressed y,pasmic sector is divided into three domains, two
ina varlgty of d!ffgrent tissues [51, 59, 7.1’ 83]. For the domains N (nucleotide) and P (phosphorylation) within
a-subunit, consisting of about 1,000 residues, a variety, loop between M4 and M5, well separated from a third

of experimental techn_|ques [9, 26, 44, 46, 58, 82] haveA (actuator or anchor) domain containing the loop be-
demonstrated the existence of 10 transmembrane Selveen M2 and M3 and the strand leading into M1. The
ments [45], with both N- and C-termini cytoplasmic. '

) ; . . fold of the P-domain is like that of L-2-haloacid deha-

Amino acids that are part of ATP- and card|ac—gly003|delo enase and related proteins with homologies to P-type

binding sites or that are related to the Nand K™ oc- 9 . P ) 9 yp
pumps in conserved cytoplasmic sequences [6,

clusion sites have been identified mainly by mutation .

experiments. The3-subunit, consisting of about 300 . C_ompar_|son of the cwstal_structure (_a{QEa con-

residues, has a single transmembrane segment, withf ”“a“‘”?) with cryoelectron MICrOSCOPE IMmages of Ca-

cytoplasmic N-terminus, and three conserved S- P_ase in both Eor &, conformatlong 201, gugggs_ted

bridges and three glycosylation sites in the extracellulafat in & a large movement of domain A brings it into
contact with the P/N domairsée beloyw The latter sug-

domain. TheB-subunit does not seem to contain func- N : )
tional sites but is required for stabilization of thesub- ~ 9€stion fits well with our recent evidence for conforma-

unit and passage from the endoplasmic reticulum to th&ion-dependent domain movements based on Fe-
cell membrane. A recent survey of the field is given in catalyzed oxidative cleavage [27, 28, 72]. The large

the proceedings of the “9th International Conference orSeparation between cation sites within transmembrane
Na/K Pump and Related Pumps” [90]. segments and ATP sites within the cytoplasmic domains,

Some information on structural features of Na,K- S€€N in the X-ray structure and inferred previously from
ATPase has been gained from electron microscopic imMmutagenesis and proteolysis, raises the issue as to the
ages [44, 84, 86] and from electron density maps Obﬂature of their interaction. It is proposed that the Cyto-
tained from two-dimensional crystals [32, 33, 85]. Theseplasmic loop between M6 and M7, which also makes
allowed also a three-dimensional reconstruction of thecontacts with the P-domain, plays a crucial role in the
overall shape of the protein with resolution in the orderenergy transduction process.
of 25 A [34, 35, 65, 66]. Much better progress has been  Crystal structures of soluble monovalent cation
made in studies of sarcoplasmic reticulum Ca-ATPase byinding proteins show that the bound cations are largely
electron microscopy. This led to a model at 8 A resolu-dehydrated and ligated by several oxygen-containing li-
tion, showing head, neck, and membrane sectors with 1Qands, including carboxylate, serine and threonine hy-
transmembrane segments [97]. droxyls, amide oxygens and backbone carbonyl oxygens.

An event of outstanding importance is the recentBased on these precedents intensive mutagenesis studies
publication of the 2.6 A crystal structure of sarcoplasmicof Ca-ATPase and Na,K-ATPase of such residues within
reticulum Ca-ATPase [91]. Since the Ca-ATPase andransmembrane segments have been carried out [1, 14].
the Na,K-ATPase are close members of the same familfror Na,K-ATPase, which is the main topic of this essay,
of proteins [92], presumably the structure of Na,K- there is evidence that E327 in M4, S775, T774,N776 and
ATPase will resemble that of Ca-ATPase, particularlyE779 in M5, D804 and D808 in M6 are involved in
within the cytoplasmic domains with greatest sequencenonovalent cation binding and occlusion [43, 68, 70,
similarity, but show detailed differences related to the73].

Structural Features
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P-E, Fig. 1. Mechanistic model of the ion transport

through the Na,K-ATPase on the basis of the
so-called Post-Albers cycle under physiological
buffer conditions (adapted from [95]). The
representation of the ion pump is schematic and
does not imply real structural elements. Those
reaction steps that are marked with Greek letters
indicate the electrogenic processes that were found
P-E,(K3) and corresponding dielectric coefficients are=
0.25,8 =0.1,%, = 0.7,8, = 3, = 0.1-0.2 [19,
37, 39, 79]. For detailseetext.
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Functional Properties with Structural Implications opposite directions the pump produces an electric current
in which a net positive charge is extruded from the cell.
During recent years biophysical experiments using a vaThis property of the ion pump is called electrogenicity
riety of techniques have been focusing on the ion move{55]. An effective way to investigate ion transport is the
ments through the Na,K-ATPase [4, 18, 75]. The con-detection of charge movements in the course of the trans-
ceptual framework for such studies is the so-called Postport process [2, 18, 55, 75]. Because of the Ping-Pong
Albers cycle (Fig. 1) which is the generally acceptedmechanism it is possible to study separately thé-fdad
scheme to describe the sequence of reaction steps 8f-transport pathways and the associated charge move-
coupled ion transport and enzymatic reactions. It hagnents. The ion-translocating partial reactions have been
been established that Nand K" transport occur by a scrutinized extensively with respect to their kinetics, en-
“Ping-Pong” mechanism, meaning that the two ion spe-€rgetics and electrogenicity, and the experimental find-
cies are transported sequentially. ‘Neovement out of ings place a number of constraints on any mechanistic
the cells is associated with phosphorylation by ATP andnodel of the Na,K-ATPase. As can be seen from Fig. 1
then the conformational changg-B - E,-P, while the the charge-translocating steps of the transport process are
counter transport of Kions is associated with rapid mainly correlated with ion binding and release (for a
dephosphorylation of EP and the conformational recent reviewsee[18]).
change E(2K) - E, which is accelerated by binding of
ATP with a low affinity [S5]. A characteristic property
of the reaction sequence is the existence of occludelf TRANSPORT
states, E-P(3Na) and K2K), in which the ions are un-
able to exchange with either agueous phase [25]. Th&here is convincing experimental evidence thatkans-
stoichiometry of 3 N&2 K* per ATP hydrolyzed is port is electroneutral, i.e., no net charge is moved within
maintained in a wide range of electrolyte compositions,the protein between states-B(2K) and E [8, 19, 30,
deviations being observed only at extremely low*Na 76]. Only the extracellular binding (or release) of the
concentrations or at extremes of pH [5, 10, 15, 16, 29]ions is electrogenic [12, 76]. This partial reaction can be
Due to the unequal quantities of charge transported innvestigated in the so-called*®* exchange mode, in
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the presence of K with or without M¢* and inorganic  tide binding site [21, 47, 60]. The mechanism of this
phosphate, Pand ATP [50]. The findings can be un- label (its chromophore is a fluorescein) is that of a pH
derstood by assuming that (i) the positive charges of théndicator which detects (small) changes of the local pro-
two ions are counterbalanced by two negative charges abn concentration. Such changes may be produced by
the protein, (ii) the binding sites in statg-P are located rearrangements of the amino acids which form the ATP
inside the protein and are accessible through a narrowinding pocket [24, 91]. In the case of the Na,K-
ion well [12] and that (iii) in the E conformation binding  ATPase, FITC responds preferentially to the conforma-
of K™ (or its congeners Li Rb’, Cs’, TI", NH,") is tional transition § = E,, which is known to alter the
electroneutral, i.e., the binding sites are not buried inside\TP-binding affinity between low (§ and high (E)
the protein [17, 19, 30, 95]. In the absence of &d  [47]. A smaller but significant fluorescence decrease
Na' it is possible to phosphorylate the enzyme byRd  ypon binding of the third Nacan be interpreted as a
the apparent rates of this pathway are pH dependent, th@inor conformational relaxation in the nucleotide bind-
lower the pH the faster is the rate [3]. From the anaIyS|s1ng site, probably including a movement of aspartate
of the kinetics it was concluded that the transitioptfE 371 into a position where it coordinates with thg

— E, occurs with two protons bound and the transition yhogphate of the ATP bound in the nucleotide binding
with empty binding sites is either extremely slow or ab- gjte Thus, binding of the third Namakes the enzyme
sent. As a consequence, in the so-called Na-only modey,mpetent to become phosphorylated, and ensures that
when no extracellular Kis present, the transition from no ATP is wasted without three Kidound to the pump
E,-P back to E occurs when the binding sites are occu- [79].

pie+d by 2 protons _(as congeners of)Karld thus the When phosphorylated by ATP, the enzyme performs
Na'"-only transport is actuglia 3 N&/2 H" transport a conformational transition into its,EP states, in which

mode [3]. This can be understood in the framework Oft,eﬂe bound N&ions are successively deoccluded and re-

the energetics of the jon pump since movement againsl ased [37, 38, 40, 95]. While the conformational relax-
the negative membrane potential of the two negative T e T

. - L ation is of minor electrogenicity, the release of the first
charges in the binding sites is not a favorable event [3]Na+ to the extracellular agueous phase is the dominant
There is also evidence that the d" stoichiometry can charae-carrving steo. It v(\jas foun%l that this ion moves
vary with pH, and at pH 8.5 a slow rate of electrogenic 9 ying step.

Na transport without exchange with protons appears téhrough WO%_ of the protein dielectric [40, 95]. This
be possible [29]. may be explained by a narrow and deep access channel

or “ion well” between the binding site in the protein and
the aqueous outside of the protein [55, 56]. The release
Na" TRANSPORT of the first Nd is followed by another conformational
relaxation that brings the remaining two Nians closer

Forward N4 transport (§ — E,-P, i.e., out of the cell) !0 the extracellular aqueous phase, because they have to
requires ATP and, except in conditions of very low Na cross only 10-20% of the membrane dielectric when
concentrations [11, 29, 74, 89], ATP hydrolysis occursthey are released in the next reaction steps [40, 95]. (In
only with 3 Na bound to the protein. Even if only Na the E conformation these two ions are bound to a posi-
ions are present on the Cytop|asmic side of the pumpgion close to the “dielectric” surface, i.e., their binding is
virtually no transition into state 2Na) has been found, not electrogenic, in contrast to the third Naee above.

by contrast to other congener cations™(KRb", Cs",  Therefore, they are placed “behind” the Nahich is
NH4+, TI"), which antagonize Nabinding and cause a first released to the extracellular side.) The kinetics of the
conformational change into the occluded &ate after deocclusion/release reactions have been analyzed re-
two ions have bound. The virtual absence of th2Ra)  cently and were found to occur with increasing rate con-
state is in agreement with the observation that binding oftants from the first ion€1,000 sec") to the third &10°

the third Nd ion occurs with a higher affinity than bind- sec?) [40]. The reduced electrogenicity of the second
ing of the second and stabilizes the protein in thgBja and third N& release stepseeFig. 1) is matched by a
state. This can be understood only by assuming that theorresponding value of Kbinding, which follows under
third Na binding site becomes available after two*Na physiological conditions [37, 76]. Thus overall the re-
ions have already bound [78]. Binding of the first two lease process may be explained by assuming that the first
Na" is electroneutral (like binding of 2 Kions or their  Na ion is released from a deep access channel while the
congeners); binding of the third Nis electrogenic with next two Na ions are released in a shallow channel. At
a dielectric coefficient of 0.25 [19, 95]. Occupation of least two different mechanisms could explain the change
the third, highly selective Nasite, which is formed by from a “deep” to “shallow” ion-well: (i) In a major struc-
transmembrane parts of the Na,K-ATPase [13, 43, 81], isural rearrangement of the protein the narrow ion well
strictly correlated with an effect on the fluorescent FITC widens to become a large vestibule which is then filled
label that is bound to a lysine, K501, inside the nucleo-by electrolytes so that the electric potential surface is
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deformed and bends into the vestibule, close to the binde,(2K) - E, transition by about 1,000-fold and reduces
ing sites, or (ii) water molecules penetrate the proteinthe apparent affinity for K at cytoplasmic sites to ap-
matrix and increase the dielectric constant of the enviproximately 10 nm, thus making K ions a much less
ronment of the binding site significantly. This process effective competitor with cytoplasmic Na ions. Second,
would also deform the course of the electric potentialin the presence of ATP the reaction step which follows
within the protein [95]. The latter mechanism would al- Na* binding, E3Na- ATP - E;-P(3Na), continuously
low the immediate rehydration of the ions when they aredrains the preceding states, disturbing the virtual binding
released from the sites without having to migrate as unequilibrium in E; and thus producing an apparent higher
screened charges through the protein matter whose peffinity of Na* [49, 80].
larization would be rather energy consuming. Kinetics studies of Nabinding in the presence of
K™, and vice versa, revealed reciprocal effects on the
apparent binding affinities, which may be explained by
COMPETITION OF IONS AT THE BINDING SITES mutual competition for the same two sites to which ion
binding is not electrogenic [78, 79], and it turned out that
L _ _ ) . the affinity of the monovalent cations depends strongly
In both principal conformations, in which the ion- o, yhe radius of the dehydrated ion, being at a maximum

binding sites are accessible from the aqueous phase&t an ion radius of 1.4 A, i.e., for Kand RY [78, 98].

competitipn between cations is Qbse(ved. On't.he extra-  1na effect of the cytoplasmic Mg on the apparent
Klﬂlu::?)rnilednet,ra\{[\ggﬁrii ggdgz) gg?&sﬁloﬁgatlh;ﬁnt?"gfgi éheaﬁinity of Na" has been known for a long time [37, 64].
it was found that K has a 1,000-fold higher afinity than KISt studies have shown that ¥igions are able to

' bind at two different sites, in a competitive and non-

A ; - N
Na” [37]. .Th's property Of. the binding sites in the-£ competitive manner [78]. The noncompetitive binding
states shifts the ion binding and release sequenge, E . . . .

N N N N disappears in the experiments with 19kDa membranes
P(BNa)= E,P(2Na)= E,P = E,P2K) = E,(2K), roduced by extensive tryptic digestion of renal Na,K-
strongly to the right side, and avoids #inding becom- b y ! yp ges ’

ATPase. This preparation consists of membrane-

ing a rate-limiting step under turnover condition- )
s. Larger monovalent organic cations, such as amine$MPedded fragments corresponding to transmembrane

which are neither occluded nor transported, affet{ét segments and intact short hairpin loops on the extracel-
Rb") binding from the extracellular side by blocking one 'Ular side whereas most of the cytoplasmic parts of the
of the ion sites [23]. protein, including the ATP-binding sne_, .have. bgen di-
On the cytoplasmic side the binding affinity for Na 9ested away [13, 48, 78]. The competitive binding can
ions is significantly higher than at the extracellular side.P€ €xplained by a reaction scheme in vv'h|ch2'N/|@r any
Whereas in equilibrium titration experiments the appar-other cation) is allowed to bind to the first site whereas,
ent half-saturating Naconcentration in the EP state (0 the second site near the membrane surface, only
was in the order of 500 m[37], in the E state a value Monovalent cations are able to bind (Fig. 2). Other di-
of 4 mv was found when 5 m M92+ were present [78, valent Cat|0ns, such as EfaBa2+, SI2+, behave S|m||a.r|y
79]. The apparent affinity for Kions was not markedly to Mg®", and C&" is the strongest competitor of N§78,
different in both conformations, FP and E, with an  98]. This observation parallels findings of Shainskaya et
apparent half-saturating concentration of Ot 2, 36,  al. [82] who found that C# binds to a motif at the
47, 79]. The effective cytoplasmic affinity of 0.1umis  cytoplasmic loop between the transmembrane segments
the consequence of a low intrinsic,Kn E; which is M6 and M7, which is thought to be involved in the ion
amplified due to the trapping in2K) [47]. Bearingin  binding in the Na,K-ATPase [82] and SR Ca-ATPase
mind that in the cytoplasm the concentration ratio of[67].
K*/Na" is of the order of 30, under equilibrium condi- As demonstrated some years ago, the large trivalent
tions the ion-binding and release sequencKE= E,  organic cation BJTITU, a trivalent aromatic isothiouro-
= E;2Na+= E;3Na, should be shifted quantitatively to nium derivative, or guanidinium derivatives m-XPG and
the left, with only less than 1% of the pumps in the E p-XPG, block Nd and K" binding and occlusion in a
state with all sites occupied by NaE,;3Na). In normal competitive fashion [41, 99]. A detailed analysis of the
physiological conditions the pumping rate is about 25%kinetics proved that these compounds behave very simi-
of maximal and it is limited by the cytoplasmic Na con- larly to the divalent cations (Fig. 2), although the affinity
centration. There are two factors that raise the degree a$ higher by 3—-4 orders of magnitude {Kalues of 5-10
occupation above the 1% just predicted. In each case them for m-XPG and p-XPG and 0.2-0.pm for Br,-
ion-binding and release reaction are fast (perhaps, diffuTITU). The properties of BFTITU and m- or p-XPG
sion controlled) in comparison to other steps that raiseshow that they are not themselves occluded. Thus com-
the effective affinity for Na ions. First, ATP at milli- petitive blocking of N& or K™ occlusion indicates that
molar concentration in the cell accelerates the rate obcclusion occurs in at least two stages. At the first stage
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LN _ structure in the unphosphorylated,{Eorm of the pump
Na(NaZ)E‘I ~ (NaB)E'I P [91]. Thus a major issue concerns the physical nature of

1 L an ion well. Whereas the major charge-carrying process,
the dissociation of Naions at the extracellular surface,
(Na2)E may occur in a deep “ion-well” within a channel-like
1 structure, as explained above, the concept of the electri-
'] L cal “ion-well” reflects only the dielectric constant of the
medium experienced by the moving charge, and does not
Na2 E 1 necessarily imply the existence of a fixed structural fea-
ture.
’]L Until more precise structural data are available, the
current evidence from charge transfer studies suggests
XNaE1 \_—; _NaE1 that the Na,K-ATPase possesses two charged sites for
two Na" or two K* ions and a third neutral site specific
1 L ’] [, foraNa"ion. In E, the third Na site is situated inside the
N protein at a position where the Néas crossed about
X_E1 ~ E1 25% of the membrane potential. This site becomes ac-
cessible only when the first two sites are occupied by two
1L 1L Na* ions. Obviously, these conclusions bear on the mu-
— tagenesis studies mentioned previously. Can the two
XKE1 ~ — KE1 charged sites be identified with individual carboxylate
1L residues (E327, E771, D804, D808)? Are the two
charged Nabinding sites identical with the two charged
K2E1 = EZ(KZ) sites for K" ions? Is there overlap in the ligating groups

for the N& and K’ ions as we have suggested? Is the
Fig. 2. Reaction scheme of the cytoplasmic ion binding mechanismneUtraI site for the thlrd Naion to be_ldent'fled with
that accounts for the observed competing effects of, 4 (and its ~ Uncharged oxygen ligands already implicated (T774_:
congeners), Mg (or other divalent cations) and BHTU. “X” repre- N7767) or backbone carbonyls? Are all the charged resi-
sents any ion. For the sake of simplicity of the model it was assumeddues identified by mutagenesis to be considered direct
that the blocker X prevents binding of a second transported cation. cgntact residues or could they participate in related struc-
tures such as “ion wells”? Apart from the requirement of
molecular structure, there is an obvious need to carry out
similar biophysical studies with the mutated pumps as

2 . have been done with the wild-type enzyme. In one case
occluded. More recent findings of Shainskaya et .
al. [82] imply that the competitive blockers including a mutation, E779A, has been suggested to affect the ex-

Br,-TITU, m- or p-XPG, C&*, Mg** bind to a motif at tracellular ion-well [7]. o -
the cytoplasmic loop between the transmembrane seg- The recognition that cation sites are located within
ments M6 and M7, which may be thought of as the initial ransmembrane segments, that deocclusion at the extra-

recognition site for cation occlusion in the Na,K-ATPase c€llular surface occurs within a deep “ion-well’, and that
[82] and SR Ca-ATPase [67]. the N& transport-linked conformational changg-E -

E,-P is itself associated with only a minor charge move-

ment [40, 95], effectively excludes a mobile “carrier”
Structural Implications and Questions mechanism of transport. The alternative is the so-called

moving “barrier” mechanism [54]. A “barrier” is an im-
In the E-P state the binding sites are inside the mem-pediment to free diffusion of occluded states through the
brane dielectric. Although the release of all ions is elec-protein. In E-P(3Na) and E2K) “barriers” are closed
trogenic, only the N&in the third site is released through at both surfaces. In FP an extracellular “barrier” is
a narrow access channel, which produces the major eleopen and a cytoplasmic “barrier” is closed while ip E
trogenic contribution to the pump-induced transmem-the cytoplasmic “barrier” is open and an extracellular
brane current, whereas all other ions (& K*) migrate ~ “barrier” is closed. Obviously the question arises as to
through a wider access channel in contact with the exthe structural meaning of “barrier”. In the Ca-ATPase
tracellular aqueous phase. A proposal from the structurstructure there is no obvious “barrier” to prevent disso-
of the SR-Ca-ATPase in state, Bt 8 A resolution, in  ciation of the C&" ions other than the ligating groups
which a cavity within the transmembrane domain isthemselves [91]. Presumably the alternate accessibility
claimed to be visible [97], is not confirmed by the 2.6 A of the cation sites at the two surfaces could be the result

Na" or K* ions bind to a site that is affected by the
blocker, and in a second stage the"daK™ ions become
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of alteration in the twist or tilt or perhaps stretch of the
relevant transmembrane helices that reduces the ligatio
of the occluded cations and allows dissociation to one o
other side.

In the E; conformation the structural and functional
information presented before allow the presentation of ¢
schematic but more detailed structural proposal for the
Na,K-ATPase to explain the known functional details
(Fig. 3). We propose an adaptation of a model to explair
an ordered binding sequence for the SR Ca-ATPase [1_§—
42, 62] based on an initial proposal of Menguy et al. [71]. - _Mé\
The ordered entry and side-by-side alignment of the twc M4
Ca&" ions was confirmed by the high resolution structure E 1 2Na
[91]. An initial recognition site is accessible for cations
of any valence, probably located within the cytoplasmicFig- 3. Hypothetical structure-function relation of the cytoplasmic ion-
loop between transmembrane segments M6 and M7. TBinding sites of the Na,K-ATPase. Binding of three*Nans is pro-

this site ions of anv valence mav bind. especially bulk posed on the basis of a model for the SR-Ca-ATPase [71] as discussed
y y ! P y yin the text. The negatively charged amino acids D (aspartate) and E

or_ga}nic cations such as Britu [82]. Two chargeq sites (glutamate) are placed according to a proposal of Vilsen et al. [93]. The
within M4, M5, M6 and M8 are located beyond this loop. divalent cation presented in the left cartoon in light gray represents a

If a di- or trivalent cation is bound to L6/7, Nar K* blocker which affects binding of the occluded ions.

may be able to enter into the charged sites, although the

apparent affinity is reduced and no occlusion will be

possible. When a mixed population of Nand K" oc-  €ntry port for cations [67, 82]: It does not seem impos-
cupies the charged sites, an occluded state is either ngtP® that the charged residues in this loop could serve
formed or is too short-lived to allow any subsequentbOth as a low affinity |n_|t|al recognition site for cations
reaction. The charged sites within the transmembran@n their way to becoming occluded and also as a cou-

segments can be occupied only by monovalent cationdling device to link transmembrane segments and the
and the binding pocket is structured in a way that dehyPhosphorylation domain as proposed in ref. [91]: The

drated ions with a radius of 1.4 A fit most tightly. Ney- Ca-ATPase structure in an Eonformation showed that

ertheless, these sites are not buried at a significant di§he loop also makes contact with the phosphorylation

tance from the cytoplasmic surface inside the proteijzlomam’ which, in the case of the Na,K-ATPase, may

dielectric, because no detectable dielectric coefficient i m;r at the mec_hamsm observed which requires the third

found when K (or its congeners) bind to it. When two a ion bound in order to enable phosphorylation of the

K™ ions are bound to the sites (and no ATP is present) th&n2yme [79).

quasi-occluded state,£K), is able to undergo a (rapid)

transition to the genuinely occluded statgZK). In the

case that two Naions are bound, a quasi-occluded state,

E,(2Na), may be formed and the third and "Napecific

binding site inside the protein dielectric may becomeReferences

accessible; the third Nainds electrogenically. Such an

ordered (but non-single file) mechanism could easily ex- 1. Andersen, J.P., Vilsen, B. 1995EBS Lett.359:101-106

plain a higher affinity of the third binding site than that 2- Apell. H.-J. 1989.. Membrane Biol110:103-114

of the second. This sodium-specific step triggers a struc-> g‘.pe"' H.-J,, Roudna, M., Corrie, J.E.T., Trentham, D.R. 1996.
: S . . iochem.35:10922-10930

tural rearrangement at the nucleotide-binding site, which , Apell, H.-J., Schneeberger, A., Sokolov, V.S. 1986ta Physiol.

then becomes competent to be phosphorylated by ATP, scand. Suppl643235-245

E.(8Na)- ATP - E;-P(3Na) + ADP. To meet the ki- 5. Apell, H.J., Haing, V., Roudna, M. 1990Biochim. Biophys. Acta

netic requirements for this partial reaction, i.e., appropri-  102381-90

ate rate constants, the only condition besides the listed6. Aravind, L., Galperin, M.Y., Koonin, E.V. 1998rends Biochem.

constraints would be that ion movement in and out of the  S¢i- 23:127-129

sites is fast (diffusion controlled) compared to the rates /- Arguello, J.M., Peluffo, R.D., Feng, J., Lingrel, J.B., Berlin, J.R.
1996.J. Biol. Chem27124610-24616

in SUbsequent reac“.on steps of th.e pump CyCIe' ThISS. Bahinski, A., Nakao, M., Gadsby, D.C. 1988coc. Natl. Acad.
model, of course, raises the question of the structural o ;sag5:3412-3416

organization of cation sites within the transmembrane g Beguin, P., Hasler, U., Beggah, A., Horisberger, J.D., Geering, K.
segments—single file or side by side. It also raises the 1998.J. Biol. Chem273:224921-24931

issue of the proposed role of L6/7. It could serve as thelo. Blostein, R., Polvani, C. 199%0c. Gen. Physiol Se46:289-301

This work was financially supported by the Deutsche Forschungsge-
meinschaft (AP45/4) and INTAS (Project 96-1310).



11

12.
13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.
24,

25.
26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.
46.

47.

. Blostein, R., Polvani, C. 1992Acta Physiol. Scand. Suppl.
607:105-110

Bthler, R., Apell, H.-J. 1995]. Membrane Biol145:165-173 49.
Capasso, J.M., Hoving, S., Tal, D.M., Goldshleger, R., Karlish,

S.J.D. 1992)J. Biol. Chem267:1150-1158 50.
Clarke, D.M., Loo, T.W., Inesi, G., MacLennan, D.H. 198&- 51.

ture 339:476-478

Cornelius, F. 199@iochim. Biophys. Actd026147-152

De Weer, P., Gadsby, D.C., Rakowski, R.F. 1988g. Clin. Biol.
Res.268A:421-434

De Weer, P., Gadsby, D.C., Rakowski, R.F. 198&. Rev. Phys-
iol. 50:225-241

De Weer, P., Gadsby, D.C., Rakowski, R.F. 2000. Na/K-

ATPase and Related Pumps. K. Taniguchi and S. Kaya, editors56.
57.

Elsevier Science B.V., Amsterdam, pp. 27-34
Domaszewicz, W., Apell, H. 1999EBS Lett.458241-246
Dux, L., Martonosi, A. 1983]. Biol. Chem258:2599-2603

1984.J. Biol. Chem259:9532-9535

Filingame, R.H., Girvin, M.E., Jiang, W., Valiyaveetil, F., Her-
molin, J. 1998 Acta Physiol. Scand. Sup@43:163—-168
Forbush, B., Ill. 1988]. Biol. Chem263:7979-7988

Gatto, C., Lutsenko, S., Kaplan, J.H. 199Fch. Biochem. Bio-
phys.340:90-100

Glynn, .M., Karlish, S.J. 199®nnu. Rev. Biochen®9:171-205
Goldshleger, R., Bar, S.M., Or, E., Karlish, S.J. 199&a. Phys-
iol. Scand. Suppl643:89—97

Goldshleger, R., Karlish, S.J. 1999. Biol. Chem.274:16213-
16221

Goldshleger, R., Karlish, S.J.D. 19%toc. Natl. Acad. Sci. USA
94:9596-9601

Goldshleger, R., Shahak, Y., Karlish, S.J.D. 1920Membrane
Biol. 113:139-154

Goldshlegger, R., Karlish, S.J., Rephaeli, A., Stein, W.D. 1987.
Physiol 387:331-355

Haupts, U., Tittor, J., Oesterhelt, D. 199nnu. Rev. Biophys.
Biomol. Struct.28:367-399

Hebert, H., Jgrgensen, P.L., Skriver, E., Maunsbach, A.B. 1982.
Biochim. Biophys. Act&89:571-574

Hebert, H., Skriver, E., Hegerl, R., Maunsbach, A.B. 1985.
Ultrastruct. Res92:28-35

Hebert, H., Skriver, E., Soderholm, M., Maunsbach, A.B. 1988.
Prog. Clin. Biol. Res268A:79-84

Hebert, H., Skriver, E., Soderholm, M., Maunsbach, A.B. 1988.
Ultrastruct. Mol. Struct. Res100:86—93

Hegyvary, C., Jgrgensen, P.L. 1981.Biol. Chem.256:6296—
6303

Heyse, S., Wuddel, I., Apell, H.J., "8ter, W. 1994.J. Gen.
Physiol. 104:197-240

Hilgemann, D.W. 1994Science263:1429-1432

Holmgren, M., Rakowski, R.F. 199Biophys. J66:912—-922

P., Gadsby, D.C. 2000Nature 403:898—901

Hoving, S., Bar-Shimon, M., Tijmes, J.J., Goldshleger, R., Tal,
D.M., Karlish, S.J. 1995J. Biol. Chem270:29788-29793

Inesi, G. 1987J. Biol. Chem262:16338-16342

Jewell-Motz, E.A., Lingrel, J.B. 1993Biochemistry32:13523—
13530

Ann. N. Y. Acad. Sc#02:207-225

Karlish, S.J. 1997Ann. N. Y. Acad. ScB34:30-44

Karlish, S.J., Goldshleger, R., Jgrgensen, P.L. 19%iol. Chem.
268:3471-3478

Karlish, S.J.D. 198Ql. Bioenerg. Biomembd2:111-136

48.

52.
53.
54.
55.

Farley, R.A., Tran, C.M., Carilli, C.T., Hawke, D., Shively, J.E. 58.
59.

60.

61.
62.
63.

64.
65.

66.

67.

68.
69.
70.

71.

72.
73.

Holmgren, M., Wagg, J., Bezanilla, F., Rakowski, R.F., De Weer,74.
75.

76.
77.

Jorgensen, P.L., Skriver, E., Hebert, H., Maunsbach, A.B. 198278.

79.

80.

H.-J. Apell and S.J.Karlish: Functional Properties of Na,K-ATPase

Karlish, S.J.D., Goldshleger, R., Stein, W.D. 19800oc. Natl.
Acad. Sci. USAB7:4566-4570

Karlish, S.J.D., Lieb, W.R., Stein, W.D. 1982. Physiol.
328:333-350

Karlish, S.J.D., Stein, W.D. 1982. Physiol.328:317-331
Kawakami, K., Noguchi, S., Noda, M., Takahashi, H., Ohta, T.,
Kawamura, M., Nojima, H., Nagano, K., Hirose, T., Inayama, S.
1985.Nature 316:733-736

Lanyi, J.K. 1998J. Struct. Biol.124:164-178

Lanyi, J.K. 1999FEBS Lett464:103-107

Lauger, P. 1984Biochim. Biophys. Actd79:307-341

Léauger, P. 1991. Electrogenic lon Pumps. Sinauer, Sunderland,
MA

Léauger, P., Apell, H.J. 198&iochim. Biophys. Act845:1-10
Leslie, A.G., Abrahams, J.P., Braig, K., Lutter, R., Menz, R.l.,
Orriss, G.L., van Raaij, M.J., Walker, J.E. 19%iochem. Soc.
Trans.27:37-42

Lingrel, J.B., Arguello, J.M., Van Huysse, J., Kuntzweiler, T.A.
1997.Ann. N. Y. Acad. ScB34:194-206

Lingrel, J.B., Orlowski, J., Shull, M.M., Price, E.M. 199@xo0g.
Nucleic Acid Res. Mol. Biol38:37-89

Linnertz, H., Lanz, E., Gregor, M., Antolovic, R., Krumscheid, R.,
Obsil, T., Slavik, J., Kovarik, Z., Schoner, W., Amler, E. 1999.
Biochem. Biophys. Res. Comm254:215-221

MacLennan, D.H., Brandl, C.J., Korczak, B., Green, N.M. 1985.
Nature 316:696—700

MacLennan, D.H., Rice, W.J., Green, N.M. 1997Biol. Chem.
272:28815-28818

Masaike, T., Mitome, N., Noji, H., Muneyuki, E., Yasuda, R.,
Kinosita, K., Yoshida, M. 2000J. Exp. Biol.203:1-8

Matsui, H., Homareda, H. 1982. Biochem92:193-217
Maunsbach, A.B., Skriver, E., Hebert, H. 198bc. Gen. Physiol
Ser.46:159-172

Maunsbach, A.B., Skriver, E., Soderholm, M., Hebert, H. 1988.
Prog. Clin. Biol. Res268A:39-56

Menguy, T., Corre, F., Bouneau, L., Deschamps, S., Moller, J.V.,
Champeil, P., le Maire, M., Falson, P. 1998. Biol. Chem.
273:20134-20143

Mense, M., Dunbar, L.A., Blostein, R., Caplan, M.J. 2QD@iol.
Chem.275:1749-1756

Nakamoto, R.K., Ketchum, C.J., al Shawi, M.K. 1988nu. Rev.
Biophys. Biomol. Struc28:205-234

Nielsen, J.M., Pedersen, P.A., Karlish, S.J., Jgrgensen, P.L. 1998.
Biochemistry37:1961-1968

Ovchinnikov, Y., Arzamazova, N.M., Arystarkhova, E.A., Gevon-
dyan, N. M., Aldanova, N.A., Modyanov, N.N. 198FEBS Lett.
217:269-274

Patchornik, G., Goldschleger, R., Karlish, S.J. 20@@c. Natl.
Acad. Sci. USA7:11954-11959

Pedersen, P.A., Nielsen, J.M., Rasmussen, J.H., Jgrgensen, P.L.
1998.Biochemistry37:17818-17827

Rakowski, R.F. 1991Soc. Gen. Physiol Se46:339-353
Rakowski, R.F., Bezanilla, F., De Weer, P., Gadsby, D.C., Holm-
gren, M., Wagg, J. 1997Ann. N. Y. Acad. ScB34:231-243
Rakowski, R.F., Vasilets, L.A., LaTona, J., Schwarz, W. 1990.
Membrane Biol1-32

Saraste, M., Sibbald, P.R., Wittinghofer, A. 199fnds Biochem.
Sci. 15:430-434

Schneeberger, A., Apell, H.-J. 2000 Na/K-ATPase and Related
Pumps. K. Taniguchi and S. Kaya, editors. Elsevier Science B.V.,
Amsterdam, pp. 319-326

Schneeberger, A., Apell, H.J. 199P.Membrane Biol168:221—
228

Schulz, S., Apell, H.J. 199&ur. Biophys. J23:413-421



H.-J. Apell and S.J.Karlish: Functional Properties of Na,K-ATPase

81.

82.

83.

84.

85.

86.

87.

88.

89.
90.

Schwappach, B., Stmer, W., Apell, H.-J., Karlish, S.J.D. 1994. 91

Biol. Chem.269:21620-21626

Shainskaya, A., Schneeberger, A., Apell, H.J., Karlish, S.J. 200095
93.

J. Biol. Chem275:22019-2028
Shull, G.E., Young, R.M., Greeb, J., Lingrel, J.B. 198&qg. Clin.
Biol. Res.268A:3-18

Skriver, E., Maunsbach, A.B., Anner, B.M., Jgrgensen, P.L. 198094
95.

Cell Biol. Int. Rep.4:585-591
Skriver, E., Maunsbach, A.B., Hebert, H., Scheiner-Bobis, G.,gg
Schoner, W. 1989J. Ultrastruct. Mol. Struct. Res102:189-195
Skriver, E., Maunsbach, A.B., Jgrgensen, P.L. 198Cell Biol.
86:746-754

Stein, W.D. 1990J. Theor. Biol.147:145-159

Subramaniam, S. 199@urr. Opin. Struct. Biol9:462-468
Sweadner, K.J. 1983. Biol. Chem260:11508-11513

Taniguchi, K., Kaya, S., editors. 2000. Na/K-ATPase and related99.

ATPases. Elsevier Science BV, Amsterdam

97.

98.

. Toyoshima, C., Nakasako, M., Nomura, H., Ogawa, H. 20&0.
ture 405:647-655

Vilsen, B. 1995Acta Physiol Scand. Suppk4:1-146

Vilsen, B., Ramlov, D., Andersen, J.P. 198hn. N. Y. Acad. Sci.
834:297-309

Walz, D., Caplan, S.R. 198€ell Biophys.12:13-28

Wuddel, I., Apell, H.J. 1998iophys. J69:909-921

. Yasuda, R., Noji, H., Kinosita, K., Jr., Yoshida, M. 199l
93:1117-1124

Zhang, P., Toyoshima, C., Yonekura, K., Green, N.M., Stokes,
D.L. 1998.Nature 392:835-839

Schneeberger, A., Apell, H.-J. 20@LMembrane Biol179:263—
273

David, P., Mayan, H., Cohen, H. Tal, D.M., Karlish, S.J. 19B2.
Biol. Chem.267:1141-1149



