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Structural Organization and Energy Transduction Mechanism
of Nat,KT-ATPase Studied with Transition Metal-Catalyzed
Oxidative Cleavage

Rivka Goldshleger! Guy Patchornik,! Meirav Bar Shimon,* Daniel M. Tal,* Robert L. Post?
and Steven J. D. Karlish-®

This chapter describes contributions of transition metal-catalyzed oxidative cleavage #f"Na
ATPase to our understanding of structure—function relations. In the presence of ascefate/H
specific cleavages are catalyzed by the bound metal and because more than one peptide bond close
to the metal can be cleaved, this technique reveals proximity of the different cleavage positions
within the native structure. Specific cleavages are catalyzed®ydezind at the cytoplasmic surface

or by complexes of ATP—F¢, which directs the F¢ to the normal ATP-Mg" site. Fé*- and
ATP-Fé*-catalyzed cleavages reveal large conformation-dependent changes in interactions between
cytoplasmic domains, involving conserved cytoplasmic sequences, and a change of ligatidr of Mg
ions between EP and EP, which may be crucial in facilitating hydrolysis otE The pattern of
domain interactions in £and B conformations, and role of Mg ions, may be common to all

P-type pumps. Specific cleavages can also be catalyzed by iGus, bound at the extracellular
surfaces, or a hydrophobic €udiphenyl phenanthroline (DPP) complex, which directs thé&Ga

the membrane—water interface. Cuor Cu/?"-DPP-catalyzed cleavages are providing information

on «/B subunit interactions and spatial organization of transmembrane segments. Transition metal-
catalyzed cleavage could be widely used to investigate other P-type pumps and membrane proteins
and, especially, ATP binding proteins.
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INTRODUCTION scribe the insights obtained by specific oxidative cleavage

catalyzed by bound transition metals ions.
The Na" ,K*-ATPase pumps 3Naand 2K" ions for

each ATP molecule hydrolyzed. The process involves a

coupling of the scalar process of free energy transfer from ENERGY TRANSDUCTION MECHANISM

ATP to the protein, with vectorial ion transport. The ex- OF P-TYPE CATION PUMPS

planation of this mechanism in terms of molecular struc- _

ture is, of course, the purpose of structure—function stud- Céntral Functional Issues

ies. The objective of this essay is to point out some of o )

the central mechanistic questions and, in particular, tode- 1 ne kinetic mechanism of NaK*-ATPase, as of all
other P-type pumps, is now largely understood. We have

- a wealth of knowledge on transport reactions, covalent
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E;—E;P(Na), (2) Nd transport outward across the mem- « subunit, consisting of about 1000 residues, various ex-
brane coupled to fP-E P, (3)Kexc-activated dephospho-  perimental techniques have demonstrated the existence
rylation and occlusion, fP-E(K), and (4) K* transport of ten transmembrane segments, both with cytoplasmic
inward across the membrane coupled kg— E;, ac- N- and C-termini (Mglleret al, 1996). Theg subunit,
celerated by ATP acting with low affinity. For other pumps, consisting of about 300 residues, has a single transmem-
steps (1) or (3) are activated by the appropriate cations, brane segment, with a cytoplasmic N-terminus, three con-
which are transported in steps (2) or (4). It was pointed out served S-S bridges, and three glycosylation sites in the
many years ago that central requirements for an effective extracellular domain. Thg subunit does not contain lig-
ion pump are strict cation specificity of the phosphory- and binding sites, but is required for stabilization of the
lation and dephosphorylation reactions (1) and (3) and « subunit and its passage from the endoplasmic reticu-
tight coupling of the E/E, conformational changes to lum to the cell membrane (Geering, 1991). Functional
cation movements, in steps (2) and (4), as well as fea- sites for cations and ATP are located ondhsubunit and
tures which minimize energy losses via nonproductive are beingintensively studied by site-directed mutagenesis,
pathways (Jencks, 1983). For example, wherg#% like with chimeric proteins, etc., and biochemical techniques,
ATP, has a high free energy of hydrolysis, and can transfer including proteolysis and covalent labeling. It is now
its phosphate to ADP, but is not readily hydrolyzedPE clear that cation occlusion sites reside within transmem-
has a low free energy of hydrolysis and cannot transfer brane segments (Karlig#t al., 1990), primarily M4, M5,

its phosphate to ADP, but it is more readily hydrolyzed, M6, and M8 (Jewell-Motz and Lingrel, 1993; Andersen
rapidly so when K ions are bound. If, for example B and Vilsen, 1995; Nielseat al, 1998; see Clarket al,

was readily hydrolyzed, the result would be hydrolysis of 1989; Rice and MacLennan, 1996; and MacLenetel,

ATP without performance of work. Similarly, the property 1997 for C&*-ATPase references). For Ng&*-ATPase,

of cation occlusion in the f#2(Na) and E(K) is thought which is the main topic of this essay, there is evidence
to minimize passive cation slippage fluxes through the that E327 in M4, S775, T774, N776, and E779 in M5,
protein and so maintain tight coupling of active cation D804 and D808 in M6 are involved in monovalent cation
movements to ATP hydrolysis (Karligt al,, 1982). How binding and occlusion (reviewed in Lingret al,, 1997;

do the cations move? Studies of charge movements havelorgensert al., 1998; numbering throughout is as in the
provided evidence for two negatively charged sites occu- pig a1 sequence). ATP binding sites are located within the
pied either by 2N& or 2K* ions and one neutral site for  large cytoplasmic loop between M4 and M5 (see Mgller
a third Na" ion. At the extracellular surface, the 3Na et al, 1996). Since ATP sites are located in the major
ions dissociate in sequence from a deep “ion well” or cytoplasmic loop and cation occlusion sites are located
access pathway. At the cytoplasmic surface, the neutralwithin transmembrane segments, the coupling process
site appears to be located in a shallow “ion-well.” Cation must involve communication between them. The commu-
transport can be envisaged as the result of movement ofnication involves E and B conformational transitions,
“barriers” to free diffusion through the protein. Inthe E  which have been studied extensively, for example, with
form, barriers are open at the cytoplasmic and closed atfluorescent probes and by selective proteolytic digestion
the extracellular surface. InP(3Na), withthree occluded  (see Jorgensen and Andersen, 1988; Robinson and Pratap,
Na' ions, barriers are closed at both surfaces. 4R, Ehe 1993; for reviews). Probes bound at different sites report
extracellular barriers are open and the cytoplasmic barri- the §—E, transition, implying that substantial structural

ers remain closed. InJK), with two occluded K ions, changes occur. All P-type pumps contain conserved cyto-
barriers at both surfaces are closed (see Rakoetski, plasmic sequence$-’TGESE in the minor loop between
1997; Apell and Karlish, 2001 for reviews on the transport M2 and M3,36’CSDK with the phosphorylated aspartate
mechanism). after M4, and®*®MVTGD and "®®*TGDGVNDSPALKK
in the major cytoplasmic loop before M5 (Mgllet al,
Structural Features and Mechanistic Questions 1996). Proteolytic cleavage and site-directed mutagenesis
in these sequences usually stabilizd&ms, implying an
The Na",K+-ATPase like the gastricHK*-ATPase involvement in conformational transitions (Jorgensen and

consists ofr andB subunits. Renal NgK-ATPase also Andersen, 1988; Mglleet al, 1996; MacLennart al.,
contains a smaly subunit, which is a mainly kidney- 1997 for full references). However, their role and, indeed,
specific regulator (Therien and Blostein, 2000). The genes the structural events which underli¢/E; transitions have

for the Na ,KT-ATPase have been cloned, including been obscure.

isoforms, expressed in different tissues (Sktdl., 1985; One outstanding event has been the determination
Lingrel et al, 1990; Ovchinnikovet al, 1986). For the of the 2.6A crystal structure of sarcoplasmic reticulum
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Ca&t+-ATPase (Toyoshimat al, 2000). Since the Ca- guestions on the mechanism of cation movement through
ATPase and the NgK™-ATPase, are close members of the transmembrane segments, the structural basis for
the same family of P-type pumps (Axelsen and Palmgren, cation selectivity, and the communication between cation
1998) presumably the structure of NK*-ATPase re- and ATP sites. We need crystal structures in more than
sembles that of Ca-ATPase, particularly within the cy-  one conformation, and information on functional interac-
toplasmic domains with greatest sequence similarity, but tions. Thus, lower resolution structural techniques, which
may show detailed differences related to the cation speci- provide insight into the functional questions, are also

ficities and the presence of it subunit. The structure
confirms the topological organization of ten transmem-
brane segments deduced for’€aNa", K*-, H, K*-
and H-pumps (Mglleret al,, 1996), and reveals several
unexpected features. For example, the twé'dans are
located side by side at a distance of B.@part, approxi-

required.

E1/E; CONFORMATIONAL TRANSITIONS
AND THE REACTION MECHANISM

mately in the center of the transmembrane segments M4—Fe*+-Catalyzed Oxidative Cleavage

M6 and M8. M4 and M6 are partly unwound for effi-
cient coordination of the two G4 ions. The details of
C&" occlusion sites fit well with those deduced in ex-

at the Cytoplasmic Surface

Selective F&"-catalyzed oxidative cleavage of the

tensive mutagenesis studies (Andersen and Vilsen, 1995« subunit was found as a chance discovery following in-

MacLennanet al, 1997). It is suggested that an open-

cubation of renal N§KT-ATPase with ascorbatef®,

ing between M2, M4, and M6 serves as an access struc-(Goldshleger and Karlish, 1997). Cleavages are quite spe-

ture on the cytoplasmic side and the outlet ofCat
the opposite surface could lie between M3-M5. The cy-
toplasmic sector is divided into three domains, two do-
mains N (nucleotide) and P (phosphorylation) within the
loop between M4 and M5, well separated from a third
A (actuator or anchor) domain containing the loop be-
tween M2 and M3 and the strand leading into M1. The
fold of the P domain is like that of L-2-haloacid de-
halogenase (HAD) and related proteins, with homolo-

cific and there is a characteristic conformation-dependent
cleavage pattern. InJgconformations, six fragments are
observed, whereas in Eonformations only two of these
fragments appear [see Table |, rows 1 and 2]. Blsib-

unit is not cleaved. Specific cleavage patterns must re-
flect the native protein structure since, by comparison,
denatured N&,K*-ATPase is cleaved to multiple small
fragments. Cleavages depend on the presence of contami-
nant or added Fe, as shown by suppression of cleav-

gies to P-type pumps in conserved cytoplasmic sequencesages by a specific Bé-complexant, desferal, or their

(Aravind et al,, 1998; Ridder and Dijkstra, 1999). Com-
parison of the crystal structure (anZa conformation)
with cryoelectron microscope images ofZaATPase in
both E or E, conformations (Ogawat al,, 1998), sug-
gested that in Ea large movement of domain A brings
it into contact with the P/N domain (see below). Elec-
tron microscopy of two-dinensional crystals of sarcoplas-
mic reticulum C&t-ATPase (Zhangt al., 1998) and fun-
gal HT-ATPase (Aueet al,, 1998) has led to a model at

amplification by addition of micromolar concentrations
of Fe*. Appearance of all the fragments has approxi-
mately the same F& concentration dependencies and
time-course, indicating that smaller fragments are not
products of secondary cleavages.Na"-ATPase is in-
activated by incubation with submicromolar concentra-
tions of Fé*/ascorbate/kD, and inactivation is a little
more sensitive to Pé concentrations than cleavage of
the o subunit, perhaps due to oxidative reactions that do

8 Aresolution, showing head, neck, and membrane sec-not cleave the chain. Cleavage of thesubunit and in-
tors with ten transmembrane segments, and also providesactivation of N&,K*-ATPase are five- to sixfold more

evidence for large conformation-dependent structural re-

arrangements in the cytoplasmic domain (Stokesl.,
1998). The structure of NgK*-ATPase has been ana-
lyzed by electron microsocopy to about A4esolution
(Hebertet al,, 2000). Although this provides evidence for
similarities to C&"-ATPase in the Estate, at this resolu-
tion significant insight into the functional questions is not
obtained.

Essential as it is for predictive and explanatory pur-
poses, the high-resolution structure of?Cs\TPase in
one conformation (E- Ca) does not answer the central

sensitive to F& concentrations in Rb- compared to
Nat-containing media. Neither cleavage nor inactivation
of Na+,K*-ATPase is suppressed by the presence of OH
radical scavengers (mannitol, formatet-doutanol) in the
medium.

The chemistry of metal-catalyzed cleavage of pro-
teins is thought to involve OH radicals or metal-peroxyl
intermediates generated by Fenton reactions, catalyzed
by the bound metal (Berlett and Stadtman, 1997). For
the case of Na,K-ATPase, the specificity>Feoncen-
tration dependence, similar time-course, lack of effect of



390 Goldshleger, Patchornik, Shimon, Tal, Post, and Karlish

Table I. Fragments Observed in Different Conformational States

Source of Cleavage position
bound Fé* catalyst Conformation N-termini of fragme#fts Domain
Free Fé*+ E; or E;P nr M1 nr283HFIH Membrané®¢
* *kk
Free Fé*+ Ex(X)occ or B nr M1 nr283HFIH Membrané®¢
* *kk
2VESE A
*kk
nr367CSDK nré%8MVTGD P
* *kk
712/NDS P
*kk
Free Fé* E,-P or E,P nrM1 nr283HFIH Membrané
* *kk
2MESE A
*kk
712/NDS P
*%
Free Fé* E,P- Mg/ouabain nr M1 nE83HFIH Membrané
or E2V . Mg * *kk
ATP—Fé* E; or E;Na nP4OVAGDA Nd
or E;P-Fe?t *
712yNDS (doublet) P
*kk
ATP-Fé* EoP-F&t 214ESE A
*kk
712/NDS P

*%

@Numbering is as in the pigl sequence. ***, Major; **, Intermediate; *, Minor.
bFrom Goldshleger and Karlish, 1997.

CFrom Goldshleger and Karlish, 1999.

dFrom Patchornilet al, 2000.

OH radical scavengers, as well as the similar effects of Different metal-catalyzed cleavage mechanisms lead
conformation on different cleavages, strongly suggest a either to polypeptides with free N-termini, which mech-
mechanism of cleavage dependent on specifically boundanism allows N-terminal sequencing (diamide path) or
Fet ions (Goldshleger and Karlish, 1997; Goldshleger to blocked N-termini, which preclude sequencing (

et al, 1998). In our initial analysis, we inferred two im- amidation path) (Platist al., 1993; Berlett and Stadtman,
portant features. First, Feis bound at a site at the cyto-  1997). Inour case, the exact position of the cleavages could
plasmic surface and catalyzes local generation of OH rad- be determined for two fragments, with N-termf3fESE
icals, which themselves or via a Fe-peroxyl intermediate, and’*?VNDS. In other cases, cleavage positions were lo-
cleave peptide bonds in proximity to the’féon. Second, cated quite closely, for fragments with blocked N-termini,
upon chain cleavage, further cleavages do not occur, pre-using sequence-specific antibodies or known proteolytic
sumably because the £eno longer binds (Goldshleger fragments as standards. A summary of fragments in the
and Karlish, 1997). Note that if more than one cleavage different conformational states and also the location of the
is mediated by the bound Fe the cleavage points are of  cleavages in P, N, or A cytoplasmic domains as defined by
necessity in proximity to each other, although eacub- homology with C&"-ATPase, or at the membrane-water
unit is subject to only one cleavage. Thus, this technique surface (membrane), is given in Table I. Note in Table |
has the important advantage of revealing proximity of the (row 1) that of the six fragments observed ind E;(K)
different cleavage positions in the native structure, that is, forms, four cleavages are located at or near highly con-
the spatial organization. served cytoplasmic sequences4ESE in the A domain,
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near3¢’CSDK, nearf®®MVTGD, and at’*2VNDS in the example, since the sequences inferred to be in mutual
P domain. Two cleavages are located near the entrance oproximity are highly conserved, one could propose that
M3 (near?®*HFIH) and M1, and these do not differin E  they mediate their mutual interactions. Thus, interfer-
and B conformations (compare Table I, rows 1 and 2). ence with the interactions could be predicted to stabi-
An indication that the second histidine 4°HFIH is in- lize E; forms in which they are already relaxed. In fact
volved in Fét binding came from an observation that there is much evidence that proteolytic cleavage or mu-
axolemma enzyme, which consists mainlyod anda3 tations near thé?TGESE,°8MVTGD, and "*2VNDS
isoforms, in which the second histidine is replaced by sequences of Ng K*-, C&* and Hf pumps do stabi-

glutamine, shows no cleavage né&HFIH. All the other lize E; states (see Jorgensen and Andersen, 1988; Moller

specific cleavages were observed, as were the effects ofet al, 1996). The involvement of conserved sequences

EJ/E, transitions. and appropriateness of these predictions suggests that the
Although the assumption of a single ¥esite ex- concept in Fig. 1 may be a general feature in P-type

plains the kinetics of the cleavages simply, as stated by pumps. Indeed, recent work shows that gastrigKt -
Goldshleger and Karlish (1999), we could not exclude ATPase is cleaved very similarly to N&K™-ATPase, with
an alternative hypothesis, which is that there are two similar differences between;Eand EK conformations
Fe** sites, each site being defined by its own pattern of (J. M. Shin, R. Goldshleger, G. Sachs, and S. Karlish,
fragments. We now believe that a two?fesite mecha- 2001, submitted for publication).
nism is likely, since the crystal structure of&aATPase
shows that the residues analogous to those near the memEffects of P and Mg?* lons
brane are far from those in the P domain, which are close
to each other (and see also next section and section on Conformation-dependent domain movements and
Cleavage of Transmembrane Segments Catalyzed by Hy-cleavage patterns should accompany botR/E,P and
drophobic Cé+ Chelator for new experimental support). Ej/E, transitions. F&"-catalyzed cleavages of phospho-
This concept is depicted in Fig. 1, for@) and ENa rylated Na ,K*, ATPase and enzyme incubated with P
conformations, with the cytoplasmic loops in N, P, and Mg?*, ouabain, and vanadate, Rfgdid indeed suggest
A domains organized as for €aATPase (Toyoshima that the domain interactions occur also in thePE->
et al,, 2000). Site 1 is within the P and A domains and, E,P transition (Goldsheger and Karlish, 1999). In addi-
in E; conformations, the Fé& is bound and mediates tion, some surprising observations suggested that the in-
cleavage at'“ESE, neaf®’CSDK and®®®MVTGD, and teractions occur within the phosphorylation site. Thus,
at "*2VNDS. In E; conformations, F& is not bound noncovalently bound jPor covalently bound phosphate
at site 1 and cleavages are precluded. We proposed that irwere found to selectively suppress cleavage$’@tSDK
the B conformations, residues within a domain formed by and nearf®®MVTGD, whereas Mg/Fouabain or vana-
the cytoplasmic loop between M2 and M3 and the seg- date/Mg completely suppressed all cleavages in the P
ment leading into M1 (the A domain), interact with domain, producing an [Hike, rather than the expected
residues within the cytoplasmic loop between M4 and E,-like, pattern of cleavages. These paradoxical findings
M5 (the P domain), whereas in; EEonformations, the  were explained by assuming that the phosphate group in-
residues and two domains are well separated (Goldshlegeteracts with residues near tA¥CSDK and®®®*MVTGD
and Karlish, 1997, 1999). This concept of conformation- sequences and Mg ions interact within thé'?TGESE
dependent domain interactions is strongly supported by and "°TGDGVNDSPALKK sequences, as well as with
inferences drawn from the €a-ATPase crystal structure  the bound phosphate. Thus both ligands directly interfere
(Toyoshimaet al, 2000). (The hypothesis is not affected with F&* binding . This explanation supports the two
by the question of one or two Fe sites). Site 2 is lo- Fe?t site model in Fig. 1, assuming thatdhd Mg ions
cated near the membrane—water interface arfd Eat- interfere with F&" binding only in site 1 (P and A do-
alyzes cleavage near the transmembrane segments M3nains). The inferred sites for Bnd M@ binding in the
(®®HFIH) and M1 (neaf'EWVK?), which must be in  E, conformations are consistent with the crystal structures
proximity (see also section on Cleavage of Transmem- of the active sites of HAD and Ca-ATPase (Ridder and
brane Segments Catalyzed by Hsydrophobi&'GThela- Dijkstra, 1999; Toyoshimat al., 2000), except that the in-
tor and Fig. 4). This site is unaffected by Bnd B volvement of thé'°TGESE sequence in Mg binding is
conformations. not predicted. Note, however, that HAD has?h&T GESE
Cytoplasmic domain interactions depicted in Fig. 1 sequence and does not underg(Hz transitions, whereas
have some striking implication (see also section on Con- the structure of Ca -ATPase is for a ECa conformation
sequences of Cytoplasmic Domain Movements). For only.
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Ex(K) EyNa

M7-M10

Fig. 1. Models of cytoplasmic domains and transmembrane segments M1-M6 s howing3ivsifess. Organization of the cytoplasmic domain in
E>(K) and EiNa conformations. Dotted lines connect the boungtRgith residues on the protein, at or near which cleavage occurs. Division of the
cytoplasmic section into N, P, and A domains follows that of Ca-ATPase crystal structure (Toyashana&000). For simplicity, transmembrane
segments M7-M10 have been omitted. Site 1 is in the P and A domains; site 2 is at the membrane—water interface.

ATP-Fe?t Complexes Used as Specific Affinity of Na" ,K*-ATPase (Karlish, 1980), both of which pre-
Cleavage Reagents clude ATP binding. The cleavages reveal contact points
of F&t or Mg?* ions. In B and ENa conformations,
The story of Fé"-catalyzed cleavage has taken a two major cleavages are detected within the conserved
new turn recently with the demonstration that in the pres- "®TGDGVNDSPALKK sequence (at V712 and nearby)
ence of ascorbatefd®,, ATP—Fe&*, or AMPPNP—F&" in the P domain, and one {Ra) or two (g) minor
complexes act as affinity cleavage reagents, mediating se-cleavages near the sequeit®/AGDA in the N domain
lective cleavage of the subunit of Na,K*-ATPase at (Table 1).
high-affinity ATP-M¢?* sites (Patchornilet al., 2000). A particular advantage of this method of cleavage
It is well known that ATP or other adenine nucleotides is that in media containing sodium and ATP2Fesub-
complex Fé&" ions and still allow efficient generation of ~ stitutes for M@" in activating phosphorylation and ATP
OH radicals by Fenton reactions (Floyd and Lewis, 1983; hydrolysis (Rendi and Uhr, 1964; Fukushima and Post,
Rushet al,, 1990). Our evidence indicates that selective 1978). This property permits detection of changes in the
cleavages of Nb,K*-ATPase occur only in conditions cleavages in different conformations of the catalytic cy-
permitting ATP binding and that cleavages are prevented cle that reflect changes in ligation of the?FgMg?*)
by high concentrations of ATP, which compete with the ions. In the EP conformation, cleavages are the same as
ATP—Fé&+ complex for the site, or by Mg ions, which in E;. FET is not bound tightly. By contrast, in the;E
compete with F& ions for the ATP. Cleavages are also conformation, the pattern is different. A major cleavage
prevented by the presence of kons or by FITC labeling occurs near the conserved sequeHé&GESE, whereas
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those i®TGDGVNDSPALKK are less prominent. Fe
is bound very tightly. Upon EP hydrolysis, the Fe&
dissociates.

393

and P (phosphorylation) domains in the @®nformation
explains simply the well-known fact of high-affinity ATP
binding in this stateK s submicromolar) (Hegevary and

Figure 2 presents schematic models depicting Post, 1971; Norby and Jensen, 1971). Th& fie shown

residues ligating the F& ion and they -phosphate of ATP

as making contact with the purine ring since it is this part

or covalently bound phosphate, in the different conforma- of the ATP molecule, which interacts with the N domain.
tions. The models are based on the cleavage experimentd/arious transition metals, including Mh, which substi-

using both free & and ATP—Fé&" complexes. Cleavages
using ATP-Fé&+ complexes strongly support the concept

tutes for Mg+, interact with the purine ring as well as
with 8- andy -phosphates of ATP (Grisham, 1988). The

of large conformation-dependent domain movements and phosphate of ATP interacts with D369 as well as with the

sites for P and Mgt ions and add a number of new in-
sights. The models fit well with the crystal structures of

conserved K691 and T610 of tié8MVTGD sequence,
as proposed for Ga-ATPase and CheY. This arrange-

Ca*-ATPase and the HAD and CheY response regulator ment is consistent with lack of cleavages by the ATP-

proteins with a homologous fold of the phosphorylation
domain (Toyoshimaet al., 2000; Aravindet al., 1998;

Fetcomplex at these positions, indicating that bound
Fet (Mg?t) is not in direct contact with D369, T610

Ridder and Dijkstra, 1999) . There are two major features. or K691. A suggestion that Mg ions bind to D586 of

First, the B/E, conformational transitions are character-

S8DPPR and in thé°®MVTGD sequence (Kashet al.,

ized by a pattern of reciprocal interactions between N, P, 1997) is not supported by the cleavage data or the crys-

and A domains. In Eor E; P conformations, N docks onto
P with A displaced to one side. InEK) and EP confor-

tal structure of C&"-ATPase. The A domain is separated
and oriented away from the N and P domains, precluding

mations, A docks onto P and N is displaced from the P cleavage by ATP—f¢ at?*2TGESE.

domain. Second, the;P—-BP conformational transition
is associated with a change in kfgbinding from the P
domain in EP to the A domain in EP. Presumably these

features apply to other P-type pumps. We now discuss

each conformation in detail.

E;Na

ATP-Fé&* or AMPPNP-F&" complexes bind in the
high-affinity ATP-Mg* site in E or E; - Na conforma-
tions. Bound F& is ligated to thes andy phosphates
and the purine ring of ATP, to D710 and D714 of the

Fet is still bound to D710 and D714, near
440JAGDA, and to covalently bound phosphate. The other
features are the same as itN&, thus explaining the same
cleavages in BP. Fé* is not very tightly bound, whereas
Mg?+ is tightly bound.

E,P

In E2P, the major cleavage occurs near the conserved

TGDGVNDS sequence in the P domain and, farther away, “**TGESE, whereas those at or né4fVNDS are less

to a sequence ne&t®VAGDA in the N domain. In C&t-

prominent. Fé&" is very tightly bound and, upon hydrol-

ATPase, the residues equivalent to D710 and D714 are lo-ysis of P, the bound F& ion dissociates. The model
cated on one side of a triad with the phosphorylated D369 depicts a large movement and reorientation of domain

at the apex (Toyoshimet al, 2000) and in CheY Mg

A toward the P domain, as predicted from the cleav-

binds to the residues equivalentto D710 and D714 (Ridder age experiments with free Fe and the inferred struc-

and Dijkstra, 1999). For bound Fe this arrangement

ture of C&"-ATPase in the E conformation. E214 in

explains well the two major cleavages at and just beyond **TGESE sequence in the A domain makes contact with

V712. Mutations of D710 and N713 in NigKT-ATPasex
subunit have recently been shown to affect?Mterac-
tions (Pederseet al., 2000). The sequené¢é’VAGDA of
Nat K+-ATPase aligns witt3EATET of C&*-ATPase,
which contains a residue T441, shown to lie within the
ATP binding pocket in the N domain (Toyoshireaal.,
2000). Thus#*%AGDA is close to D710 and D714 when
ATP is bound, indicating that the N domain comes into
proximity with the P domain. Proximity of N (nucleotide)

tightly bound Fé*, explaining the major cleavages near
212TGESE, whereas D710 and D714 are somewhat dis-
placed in order to account for the less prominent cleavage
at this position. Since the fragment né#lVAGDA is not
observed in this state, the N domain has moved away from
the P domain. The model fits well with conclusions based
on cleavage catalyzed by free’te namely, that Mg" is
ligated by residues in both tHé?VNDS and?'’TGESE
sequences and phosphate by residues iffflESDK and
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Fig. 2. Models of the active site with bound ¥e (Mg?*) ions in all conformations of the catalytic cycle. Details are as in Fig. 1. K501 and K480
represent lysine residues in the N domain known to be involved in ATP binding. Bieidiecan be replaced by a My ion.



Transition Metal-Catalyzed Oxidative Cleavage of N& ,Kt-ATPase 395

808\IVTGD sequences (Goldshleger and Karlish, 1999). surrounding the bound phosphate must change. This
The recent work on mutations of D710 and N713 shows factor could be crucial for facilitating nucleophilic attack
that, by contrast with their role on Mg binding in the by water on the phosphorus atom of the-® bond. ATP
E, conformation, they are not required for Ktginter- hydrolysis occurs with overall retention of stereochemical
actions in the EP conformation (Pedersest al., 2000). configuration of released phosphate and the simple expla-
The conclusion is compatible with that from the cleavage nhation is that both phosphorylation and dephosphoryla-
work although, of course, the identity of residues involved tion reactions involve “in-line” nucleophilic reactions, via
in Mg?* binding in BP (i.e.,>’TGESE) were not estab-  penta-coordinate transition state intermediates, each with
lished by these mutations. inversion of configuration (Webb and Trentham, 1981).
K* ions, which greatly accelerate hydrolysis, act at a dis-
tance, and a likely mechanism involves induction of an
Ex(K) appropriate configuration for “in-line” nucleophilic attack
by water on the phosphorus. Effects of organic solvents
An Feé*t ion is bound in the absence of ATP, as con- suggested that the environment of the-O—P bond is
cluded from the earlier work (Fig. 1). At high ATP concen- hydrophobic (De Meit al,, 1980). A hydrophobic en-
trations free F&" is chelated in the ATP—Fé complex, vironment should amplify shielding of negative charge
which is not bound with high affinity in §K). Presum- by Mg?" ions on the phosphate oxygens and facilitate
ably the bound F& in site 1, occupies a site which can E2P hydrolysis. Upon hydrolysis of &2, the Mg* ion
normally recognize a Mg ion, in the absence of bound dissociates.
ATP. Previously, we were unable to demonstrate compe- Movement of the A domain toward the P domain and
tition between Mg* and Fé*. This was taken to indicate ~ separation of P and N domains accompanying-& E>P
that M@+ and Fé*+ occupy different sites, but the result must be coupled to movements of transmembrane seg-
is complicated by the fact that Mg ions stabilize an E =~ ments (M4, M5, M6, M87?), which release Néons at the
state in the absence of#dons (Goldshleger and Karlish, ~ exterior. Conversely, docking of N and P and separation
1999). The residues withi?’TGESE inthe Adomainand ~ of A and P domains accompanying the reverséK—
367CSDK,598MVTGD, and’*2/NDSPALKK in the P do- E:;Na transition must be coupled to movements of trans-
main are in proximity. The N domain is displaced from the membrane segments that releaseiins to the interior.
P domain and thus it is not cut (at né&VAGDA). Sepa- How these changes in cytoplasmic domain interactions
ration of the N and P domains in the(K) conformation are transmitted to the transmembrane segments remains
can explain simply the low-affinity ATP binding in this an open question. In &-ATPase, the cytoplasmic ex-
state (K5 hundreds of micromolar) (Hegevary and Post, tensions of M4 and M5 make contact with residues in
1971; Norby and Jensen, 1971). In the inferred structure of the P domain and also with the cytoplasmic loop L6/7 be-
C&*t-ATPase in an Estate, the A domain docks onto the tween M6 and M7 (Toyoshimet al,, 2000). Thus changes
P domain and thé”?TGESE and®®MVTGD sequences  in cytoplasmic domain interactions could affect these in-
are close to one another (Toyoshietzal., 2000). teractions and be transmitted onward to the membrane.
Details of relevant interactions remain to be established.
There is evidence that negatively charged residues in L6/7

Consequences of Cytoplasmic Domain Movements. play a role as an entrance port for cation occlusion sites
Communication Between the Cytoplasmic (Menguyet al, 1998; Shainskayat al, 2000), perhaps
and Membrane Domains indicating a role for the L6/7 in the coupling mechanism.
Three Nd or two K* ions bound or occluded within
Changes in ligation of the Mg ion from the P do- transmembrane segments induce conformational informa-
main in & and BP to the A domain in BP must have tion, whichis transmitted to the cytoplasmic domains. This
an important mechanistic implication. Migons are re- process is crucial for triggering selective Ndependent

quired for phosphorylation and, presumably, by shield- phosphorylation or K-dependent dephosphorylation, re-
ing the negative charge and raising electrophilicity of the spectively, but again, little or nothing is known of the
phosphorus atom, they facilitate nucleophilic attack by the molecular details. A small, but significant, difference in
carboxylate of D369 on thg-phosphate of ATP. Tight  cleavage in the Narich (E;Na) and choline-rich media
binding of Mg?* ions in EP is necessary for its normal  (E;) was detected in the N domain (né&VAGDA) (one
reactivity to water (Fukushima and Post, 1978). An im- or two fragments, respectively). In both conditions, the
portant implication of altered ligation of Mg in ExP, by enzyme is an Eform. Thus the observation indicates that
comparison to thatin for E; P, is that geometry of ligands  in E;Na, Na" ions induce a long-range structural change
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inthe N domain. A small difference betweepdnd ENa

in fluorescence of FITC bound at K501 has also been re-

Goldshleger, Patchornik, Shimon, Tal, Post, and Karlish

extensively tryptically digested preparation, 19-kDa mem-
branes (Karlislet al,, 1990), led to a tentative model of the

ported (Schneeberger and Apell, 1999). Rearrangementhelix arrangement of the/s subunits (Ot al,, 1999).

within the ATP site represents an essential step in which

Na' ions trigger phosphorylation, possibly by bringing
D369 close to the-phosphate of ATP ion altering liga-
tion of Mg?* ions.

SPATIAL ORGANIZATION OF
TRANSMEMBRANE SEGMENTS
AND o/ SUBUNIT INTERACTIONS

Cu?t-Catalyzed Cleavages
at the Extracellular Surface

In another application of the cleavage technique, we
have shown that Cti/ascorbate/kO, cause specific ox-
idative cleavage of botkk and 8 subunits of Na, K-

Cleavage of Transmembrane Segments Catalyzed
by a Hydrophobic Cu?t Chelator

Very recently, we have been able to obtain additional
information on spatial organization of transmembrane seg-
ments using hydrophobic €t complexes (Goldshleger
et al, 2000; Talet al, submitted). Renal Na K*-
ATPase is incubated with ascorbatef, in the presence
of CU?* ions complexed with different phenanthroline
derivatives. Cé™ complexes of several phenanthrolines
catalyze rather nonspecific cleavages, but th& @om-
plex of 4,7-diphenyl-1,10-phenanthroline (DPP) catalyzes
three specific cleavages of thesubunit. Theg and y
subunits remain intact. Cleavages occur close to the mem-

ATPase at the extracellular surface of right-side-out renal brane/cytoplasm interface of M1, M3, and M10. The ki-

microsomal vesicles (Bar Shimaet al, 1998). Again,
a site-specific mechanism is involved, with cleavage of
peptide bonds close to a bounduFig. 3). This led

netics imply that the M1 and M3 cleavages, and possi-
bly also the cleavage in M10, are mediated by a single
CuW*/DPP complex interacting with the protein. The frag-

to several conclusions on subunit interactions and spatialments near M1 and M3 are indistinguishable from those

organization. (1) Two major cleavages of theubunit lie
within the extracellular loop L7/8 between M7 and M8,
as well as minor cleavages in loop L9/10. In thesub-

produced by F& -catalyzed cleavage near M1 and M3
(site 2, Fig. 1). Because the €UDPP complex can be
assumed to be located at the membrane—water interface,

unit, two cleavages were detected, one before the first S—Sthe results strongly support the notion in Fig. 1 that the
bridge and the other between the second and third S—-SF&**-catalyzed cleavages near M1 and M3 (site 2) occur
bridges (Fig. 3). The two cleavage sites in L7/8 of the at a different site from those in the P domain (site 1). Like
« subunit and two cleavage sites of thesubunit repre- Fe?-catalyzed cleavages, EUDPP-catalyzed cleavages
sent points of interaction of the subunits. The two sites near M1 and M3 are unaffected by the conformational
in L7/8 lie within a stretch of about ten residues near the state, whereas that near M10 is most prominent in it E
sequence SYGQ close to the entrance to M8, which is and B(K) states. An implication is that M1 and M3 are
known to be important for the/g interaction (Colonna  static, whereas M10 moves in the-FE, transition. Over-

et al, 1997). (2) Incubation with Cd/ascorbate/ kO, all, the results suggest that M1, M3, and possibly also
inactivates N&, K*-ATPase and Rbocclusion, whereas ~ M10 (particularly in B conformations) are in proximity
ouabain binding remains intact. Thus L7/8 may play a atthe cytoplasmic surface. A homology model, with'\Na
role in cation occlusion and transport. (3) Comparison K*-ATPase residues within transmembrane segments and
of the locations of Cti-catalyzed cleavages with ¥e connecting loops substituted into the crystal structure of
catalyzed cleavages (Goldshlegsral, 1998) suggests Ca&"-ATPase, shows close proximity of M3 and M1 near
that the membrane sector is divided into two domains HFIH (M3) and EVWK (M1), confirming the conclusions
comprising M1-M6 and M7-M10/M, respectively (see  based on cleavages mediated by QDPP or Fé* at site 2
Fig. 3). This notion fits very well with the crystal struc- (Tal et al, submitted). The helix packing, seen from the
ture of C&*-ATPase in which a division of M1-M6 and  cytoplasmic surface, is slightly modified from our previ-
M7-M10 s clearly seen (Toyoshingdal,, 2000) and also  ous proposal (Oet al, 1999) in that M1 to M3 are in
with the fact that Type 1 P-type ATPases lack M7-M10 proximity, rather than M1 and M2. The arrangement of
(Lutsenko and Kaplan, 1995; Mollet al, 1996). Separa- M1-M8 is now similar to that in the crystal structure of
tion of M1-M6 and M7—-M10/MB provides a strong con- ~ Ca*-ATPase atthe cytoplasmic surface (Toyoshéte.,
straint on the packing arrangement of transmembrane seg2000). Nevertheless, differences in helix arrangement of
ments of Nd ,K™-ATPase. Combination of this data with Nat, KT-ATPase or H,K*-ATPase in the M7-M10 seg-
information on covalent cross-linking of fragments of an ments might occur as aresult of strong interactions gfthe
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Ex(K)

Fig. 3. Sites for bound F&" ions at the cytoplasmic surface and a bound'Cion at the extracellular surface.
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subunit with thex subunit near M8 (Colunnet al., 1997;
Oretal, 1999). The position of M9 and M10 remains un-
certain and must be defined by further experimental work.

CONCLUSION AND PERSPECTIVES

The strength of the cleavage technique is that it pro-
vides information on proximity of cleavage sites in the

native protein. This complements methods such as site-

directed mutagenesis, which provide information on indi-

vidual residues or motifs. As discussed here, when used

together with information from the crystal structure of

Goldshleger, Patchornik, Shimon, Tal, Post, and Karlish

Geering K. (1991)FEBS Lett285 189-193.

Glynn, I. M. (1993).J Physiol.(London) 462, 1-30.

Glynn, I. M., and Karlish, S. J. D. (1990Annu. Rev. Biocheng9,
171-205.

Goldshleger, R., and Karlish, S. J. D. (199)oc. Natl. Acad. Sci. USA
94, 9596-9601.

Goldshleger, R., and Karlish, S. J. D. (199®8)Biol. Chem274, 16213—
16221.

Goldshleger, R., Bar Shimon, M., Or, E., and Karlish, S. J. D. (1998).
Acta Physiol Scand 163 89-98.

Goldshleger, R., Bar Shimon, M., Tal, D. M., Capasso, J., and Karlish,
S. J. D. (2000). IlNa,K-ATPase and Related ATPag&aniguchi,
K., and Kaya, S. eds.), Elsevier, Amsterdam, pp. 107-114.

Grisham, C. (1988Methods Enzymoll56, 353-370.

Hebert, H., Xian, Y., Thomsen, K., and Maunsbach, A. B. (2000). In
Na,K-ATPase and Related ATPag&aniguchi, K., and Kaya, S.,
eds.), Elsevier, Amsterdam, pp. 43—48.

the C&*-ATPase, the cleavage approach is much more Hegevary, C., and Post, R. L. (1971) Biol. Chem246, 5235-5240.

powerful. On the one hand, the structure has obliged a

modification of the model to include two Fesites. On

Jencks, W. P. (1983 urr. Topics Membr. Transpoft9, 1-20.
Jewell-Motz, E. A., and Lingrel, J. B. (19938iochemistn32, 13523—
13530.

the other hand, the cleavages have provided insights onJgrgensen, P.L., and Andersen, J. P. (19B8Jembr. Biol 103 95-120.

conformational changes and ligand binding, which are
not provided by the crystal structure. The full strength
of the technique will be realized when the exact position

of all cleavages can be determined by mass spectrometry, . .-

and especially when it is applied to recombinant Na"-

Jargensen, P. L., Nielsen, J. M., Rasmussen, J. H., and Pedersen, P. A.
(1998).Biochim Biophys Acta365 65-70.

Karlish, S. J. D. (1980). Bioenerg. Biomembf.2, 111-136.

Karlish, S. J. D., Lieb, W. R., and Stein, W. D. (1982) Physiol.328

333-350.

h, S. J. D., Goldshleger, R., and Stein, W. D. (1990®c. Natl.

Acad. Sci. USA87, 4566-4570.

ATPase, which has been modified to remove native metal Kasho, V. N., Stengelin, M., Smirnova, I. N., and Faller, L. D. (1997).

sites or create new sites in positions of choice. The cleav-
age technique may of course be applied to other P-type
pumps, membrane proteins, and especially to ATP bind-

ing proteins.
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