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Molecular Mechanism of the P-Type ATPases
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The recent determination of the structure of thé'GATPase of sarcoplasmic reticulum to atomic
resolution in the C&-bound state and to near atomic resolution in thé*deee, decavanadate-
bound state has paved the way for an ultimate complete understanding of the molecular mechanism
of the P-type ATPases. Analysis of this new structure information together with the large amount of
biochemical information about these enzymes that preceded it has produced important new revela-
tions about how the P-type ATPases work. Most models propose that these transporters operate by
a strictly conformational energy coupling mechanism in which conformational changes in the large
cytoplasmic head region mechanically drive the ions to be transported from their binding sites in the
transmembrane helix region §Oaway. However, while these enzymes do indeed undergo profound
conformational changes, the available evidence suggests that they do not mechanically transduce
the chemical energy of ATP hydrolysis into transmembrane ion gradients via these conformational
changes. As an alternative, it is proposed that the effects of the chemical events that occur at the phos-
phorylation/dephosphorylation site in the cytoplasmic region are exerted on the ion-binding sites via
two well-defined charge transfer pathways that electronically connect the chemical reaction site with
the site of ion binding. The recognition of these charge transfer pathways provides rational explana-
tions of all of the key biochemical features of the P-type ATPase catalytic cycle. Thus, although a few
details await elucidation, a nearly complete understanding of the P-type ATPase reaction mechanism
may be at hand.

KEY WORDS: P-type ATPase; molecular mechanism; energy coupling; conformational changes; charge transfer
pathways; signal transmission.

INTRODUCTION which these enzymes catalyze concentrative ion trans-
port (Andersen and Vilsen, 1990; Lutsenko and Kaplan,
P-type ATPases are members of a large family of 1995; Molleret al., 1996). The large amount of infor-
biological energy transducers that utilize the chemical en- mation accumulated from these studies laid a firm foun-
ergy of ATP hydrolysis to generate transmembrane elec- dation essential for the formulation of a tenable model
trochemical ion gradients. A central feature of the catalytic for the molecular mechanism of these enzymes. But, as
cycle of these enzymes is the formation of a phosphoryl- has always been the case with enzymes, the final steps
enzyme intermediate at an aspartic acid residue that iscould not be made without the availability of atomic
invariant in all members of this family. It is certain that resolution structural information for at least one P-type
the phosphorylation and dephosphorylation of this aspar- ATPase. Recently, this long-awaited structural informa-
tate during each turn of the catalytic cycle is intimately tion has been obtained (Toyoshimgal., 2000; Xuet al,,
involved in the molecular mechanism of ion transport 2002), and we are now close to a complete understanding
catalyzed by these enzymes. Since the discovery of theof the P-type ATPase reaction mechanism. Interpretation
first member of the P-type ATPase family (Skou, 1957), of the available structural and biochemical information
a huge amount of experimental work has been carried within the framework of established principles of enzyme
out toward elucidation of the molecular mechanism by catalysis and known modes of enzyme conformational
dynamics allows the formulation of a straightforward
LUniversity of North Carolina, Chapel Hill, North Carolina 27599; Scheme describing the sequence of events that take place
e-mail: gas@med.unc.edu. as the P-type ATPases proceed through their catalytic
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cycles. The forces that drive the reaction sequence can
also be clearly stipulated. Even more importantly, a care-
ful analysis of the available atomic structure has revealed
a previously unrecognized energy-transducing element,
the charge transfer pathway, two of which run between
the phosphorylation/dephosphorylation site and the ion-
binding sites. These charge transfer pathways provide the
missing link that explains how the chemical events oc-
curring at the phosphorylated aspartate in the cytoplas-
mic region communicate with the transported ions in their
binding sites in the transmembrane regionr&@way. The
results of these considerations indicate that we may be very
close to the long-sought goal of understanding the molec-
ular mechanism of the P-type ATPases. They also raise the
distinct possibility of the involvement of charge transfer
pathways in other transporters, and in numerous cellular
signaling systems in which events occurring at one site
must be communicated to another site over a considerable
distance.

ENZYME CONFORMATIONAL CHANGES
AND THE TRANSITION STATE THEORY
OF ENZYME CATALYSIS

The P-type ATPases are, of course, enzymes, and so
atthe outset it isimportant to briefly mention enzyme con-
formational changes, the transition state theory of enzyme
catalysis, and the manner in which the two are inextricably
interrelated. As pointed out by Pauling (1946) and elab-
orated upon by others (Fersttal, 1986; Jencks, 1966;
Lienhard, 1973; Wolfenden, 1969), enzymes generally are
designed to bind with highest affinity to the transition state
ofthe reaction thatthey catalyze. In doing so, they increase TRANSITION STATE
the probability of formation of the transition state, thereby Fig. 1. General features of enzyme catalysis. The key steps that occur
increasing the rate of catalysis (Frost and Pearson, 1961).n most enzyme-catalyzed reactions are shown. Enzymes usually com-
Implicit in this concept is the existence of numerous fa- prise two or more separate domains separated by a cleft that closes upon
vorable bonding interactions between the enzyme and thethe binding of subs_trates to residue_s in the active_site (dashed semicir-
chemical species undergoing the reaction, which would be €1€5)- They are designed to have their maximum affinity for the transition

. . . state configuration of the chemical reaction, which is midway between
maximized in a transition state complex completely sur- reactants and products. In this example, a typical phosphoryl transfer
rounded by enzyme functional groups. The problem with reaction is shown. General acid (A) and general base (B) assistance of
this, however, is that substrates could not enter and prod-such reactions is common. The circled™symbols represent positive
ucts could notleave such an enzyme. But nature has So|veocen_ters that assist the react?qn by withdrawing ele(_:trons that unld oth-
this problem by evolving enzymes capable of undergo- erwise hinder the nucleoph_lllc_ attack by the entermg nucleophlle. The
. . reacting phosphorus atom is in the pentacovalent trigonal bipyramidal
ing conformational changes that enclose the reactants af'arrangement that exists for most phosphoryl transfer reactions. Adapted
ter binding to a more open form. In this clever gambit, from Knowles (1980).
the conflicting requirements of substrate access and high
affinity transition state binding are resolved (Wolfenden,

1974). As atomic structures for enzymes have accumu- deep cleft and held together via a flexible hinge region
lated over the years, it has become clear how they usually (Andersoret al,, 1979; Ekluncet al,, 1976; Ekluncet al,,

do this. As diagrammed in Fig. 1, enzymes generally com- 1981; Janin and Wodak, 1983; Karplus and McCammon,
prise two or more relatively rigid domains separated by a 1983; Remingtoetal, 1982; Schulz and Schirmer, 1979).
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The substrate-binding enzyme functional groups are lo- effects of a variety of ATPase ligands and ligand combi-
cated in the cleft (dashed semicircles) and upon bind- nations on the sensitivity of the ATPase to degradation by
ing the substrate(s), the domains move together by rigid trypsin (Addison and Scarborough, 1982). To summarize
body motions, closing the cleft and surrounding the react- the results of these experiments, with no ligand present, the
ing species with the appropriate enzyme residues in theca. 100 kDa H-ATPase is rapidly degraded by trypsin to
proper positions, thereby facilitating the formation of the small fragments. In the presence of the nonhydrolyzable
enzyme-transition state complex. A generalized transition competitive inhibitor, MgADP, a small piece is rapidly
state for phosphoryl transfer reactions (Knowles, 1980) is removed from the N-terminus, but further degradation of
shown at the bottom of the diagram, with numerous fa- theresulting ca. 92 kDa enzyme occurs much more slowly,
vorable bonding interactions between enzyme functional indicating that the H-ATPase changes its conformation
groups and the reacting chemical species stabilizing the upon binding its substrate. Similar results have been seen
pentacovalent trigonal bipyramidal intermediate. When with all of the well-studied P-type ATPases. Importantly,
the transition state decomposes, which it normally does however, in the presence of ¥tgand the potent transi-
spontaneously at a high rate (Frost and Pearson, 1961)tion state analogue, orthovanadate (Candegl, 1978;
the enzyme reopens to release product(s) and rebind subsee also Macara, 1980; Pope and Dale, 1968), the H
strate(s) and begin another round of catalysis. Thus, transi-ATPase is also markedly protected against tryptic degra-
tion state binding affinity is the driving force for enzyme dation, even when no nucleotide is present at all. This sin-
conformational changes. This is an essential point that gle observation clearly established transition state binding
cannot be overemphasized. It also clearly explains why affinity as an important driving force for the'HATPase
stable transition state analogues are among the most poconformational changes.
tentinhibitors of enzymes that are known (Lienhard, 1973; The profound effects of the various ATPase lig-
Wolfenden, 1969). Enzymes seize upon transition state ands on the sensitivity of the HATPase molecule to
analogues, are driven closed, and are then locked there in drypsinolysis seemed to indicate that the ligand-induced
nearly irreversible fashion. In sum, the established facts of conformational changes are quite extensive. However, lig-
transition state binding affinity and the hinge-bending con- and protection of only a few key amino acid residues
formational change together simply, yet elegantly, explain could conceivably have explained the results of these
how enzymes work. experiments, particularly in the absence of any struc-
tural information. The ligand-induced ATPase conforma-
tional changes were thus further explored using attenuated
CONFORMATIONAL CHANGES total reflection Fourier transform infrared spectroscopy
IN THE P-TYPE ATPases (Goormaghtighet al., 1994). The results of these ex-
periments showed that the secondary structure compo-
Conformational changes in the P-type ATPases have nents of the H-ATPase, i.e.a-helix, g-sheet, turns,
been demonstrated by numerous investigators with a va-and random coil, do not change when the&-ATPase
riety of different individual enzymes using a variety of undergoes these ligand-induced conformational changes,
different techniques. It is not the purpose here to discussin agreement with our earlier circular dichroism studies
the details of those experiments. However, certain exper- (Hennessey and Scarborough, 1988). But importantly, the
iments carried out with the proton-translocating P-type hydrogen/deuterium exchange rates of about 175 surface
ATPase (K -ATPase) are mentioned because they directly amide linkagesinthe ATPase polypeptide chain out of ato-
established transition state binding affinity as the driv- tal of about 350 are drastically reduced as the ATPase pro-
ing force for the major P-type ATPase conformational ceeds from its unliganded conformation to its substrate-
changes, and established the nature of these conformabinding conformation (i.e. bound to MgADP), and nearly
tional changes to be in conformity with the general enzyme as many surface residues are occluded in the presence of
catalytic principles described above. Mg?* and orthovanadate. These results indicated that the
Numerous early experiments carried out with the ligand-induced H-ATPase conformational changes are
H*-ATPase had indicated the strong likelihood that it quite substantial, and strongly suggested hinge-bending
undergoes conformational changes upon binding its sub-rigid body interdomain motions as the underlying mode
strate, MgATP, and certain other ligands as well (Addison of the H"-ATPase conformational transitions. And when
and Scarborough, 1981; Dame and Scarborough, 1980;the structure of the HATPase was solved to a reso-
Scarborough, 1977). With obvious pertinence to the cat- lution of ca. 8 A (Auer et al, 1998), this interpreta-
alytic and transport mechanism, these conformational tion was essentially confirmed. Figure 2 shows a view
changes were investigated in more detail in a study of the of the structure of the H+ATPase that was obtained. The
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the domain movements that occur when thé'CATPase
changes from its open conformation to its more condensed
oligovanadate-bound conformation, the structure of which
was solved earlier by Zhargt al. (1998) at a resolution

of 8 A using electron crystallography. And this convinc-
ing analysis strongly suggests that the domains undergo
the rigid body motions indicated by the arrows in Fig. 3.
Thus, the Adomain rotates nearly’9the N domain bends
down approaching the P domain, and the cytoplasmic re-
gion as a whole tilts to the right by about°2@ith respect

to the transmembrane helix region. In view of all of the
above considerations, itis clear that the generalized model
shown in Fig. 1 accurately describes the conformational
dynamics of the P-type ATPases in the cytoplasmic region.
It also specifically stipulates the forces that drive these
profound conformational changes, arising from transition
state binding affinity.

Fig. 2. The 8A structure of the H-ATPase in its open form. The'H
ATPase comprises a cytoplasmic region (above) with multiple domains
connected to amembrane region (below) with 10 transmembrane helices.
The cytoplasmic domains are numbered as described @y 1998)

and the approximate position of the lipid bilayer is indicated by the
arrows.

molecule comprises several cytoplasmic domains (above)
connected at several points with a membrane-embedded
region (below) consisting of 10 transmembrankelices.

In view of this multilobed cytoplasmic region, which pre-
sumably contained the phosphorylated active site aspar-
tate, it was virtually certain that the'HATPase conforms

to the generalized enzyme behavior diagrammed in Fig. 1,
with the various lobes closing up like the petals of a flower
to engulf the substrate and facilitate the formation of the
transition states of the enzyme phosphorylation and de-
phosphorylation reactions.

Figure 3 shows a similar view of the atomic resolu-
tion structure of the closely related €aATPase that was
rbee(;ergtg/ r?]l:g(lggdsfr-‘lr-]?l);_?s;lgmithael,Ozp)oeoﬁc')zﬁl-l:lgzset“;gtlljjé? Fig. 3. Interdomain motions of the G4-ATPase. The p%f-ATPase

e . . . with its C&* ions bound also possesses an open multidomain structure
ture in Fig. 2, with multiple domains named the N, P, and ith a nucleotide-binding (N) domain, and an actuator (A) domain and
A domains, connected to a transmembrane region with a phosphorylation (P) domain connected to a ten transmembrane helix
10 helices. The N domain contains the nucleotide bind- region below. During the catalytic cycle, the domains undergo the rigid
ing site, the P-domain contains the phosphorylation site bpdy movements ingicaFeq by the arrows and dgscribed in the text. The

. S site of phosphorylation is indicated by the asterisk. Thétdans are
(aStenSk)' and the A_domam is referred to_a_s the _aCtu- shown in purple. The structure was visualized from the PDB file using
ator or anchor domain. In the paper describing this €l- the program Deep View Swiss-Pdb Viewer (Guex and Peitsch, 1997)
egant structure, Toyoshirmet al. presented a model for  and drawn using the program POV-Ray.
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An improved electron crystallographic structure of are intimately involved in the molecular mechanism of
the C&*-free, decavanadate-bound form of the?Ga active ion transport catalyzed by these enzymes, but are
ATPase at a resolution of & has recently been presented not directly and mechanically related to the changes in the
by Xu et al. (2002). As part of this work, these authors ion-binding sites that alter the ion affinities. Rather, they
have presented a pseudo-atomic model for the structureare primarily conformational changes common to most
based on fitting various parts of the atomic structure pre- enzymes, the function of which is to optimize the binding
sented by Toyoshimat al. (2000) into their 6A density. affinities of the enzyme for the transition states of the as-
This model essentially confirms the cytoplasmic domain partate phosphorylation and dephosphorylation reactions,
motions proposed by Toyoshineaal. (2000), with a 53 and thereby maximize catalytic throughput for the ATP
oblique rotation of the P domain and its associated N do- hydrolysis reaction, in accord with the established tenets
main toward the A domain and a 9@otation of the A of the transition state theory of enzyme catalysis.
domain about a vertical axis. But even more importantly,
this model provides some detail as to the differences in
the structure of the transmembrane helix region, includ- CATALYTIC CYCLE OF THE P-TYPE ATPases
ing the C&*-binding site region, that exist between the
two conformational states. The model indicates that most With this essential foundation formed, it is now pos-
ofthe transmembrane helices (TM) do not change substan-sible to discuss the events that transpire as the P-type AT-
tially, but the structures of TM2, TM4, and TM5 change Pases proceed through their catalytic cycles. It is useful
significantly. TM2 becomes inclined by ca.’1dnd TM5 to begin the discussion with a consideration of the re-
becomes bent. In addition, the top part of TM4 is displaced cent model of Xuet al. (2002), which is reasonably ex-
laterally and downward by about 4-4 and this move- plicit and takes into account all of the structural infor-
ment is associated with folding of the unwound region of mation currently available for the P-type ATPases. Itis a
TM4 to a shorter, somewhat more helical conformation. purely conformational coupling model whereby interdo-
The changesin TM4 and TM5 appear to be directly related main movements in the cytoplasmic region mechanically
to the 53 rotation of the P domain. As aresult of these con- drive conformational changes in the €abinding sites
formational changes, primarily those in TM4 and TM5, via several of the TM helices, leading to a decreased affin-
the arrangement of the atoms that constitute th&"Ca ity for Ca?" and release of the €aon the far side of the
binding sites changes substantially, and these movementsnembrane. It is also a strict E1-E2 type model (DeMeis
are almost certainly intimately involved in the mechanism and Vianna, 1979), and exemplifies the thoughts of virtu-
of active ion transport. However, as we shall see below, ally everyone past and present in the P-type ATPase field.
the sweeping interdomain movements in the cytoplasmic It is thus a worthy object with which to begin this discus-
region and the associated conformational changes in thesion. Figure 4 shows this model, adapted fromefual.
transmembrane helix region do not directly bring aboutthe (2002). It begins with MgATP bound to the &aliganded
change in ion-binding affinity that is needed for release of form of the enzyme in the E1 conformation (EXy;dhe
the ions at millimolar concentrations on the release side structure of which was solved by Toyoshimtzal. (2000).
of the membrane, as recent models (Stodeeal., 1999; Having bound ATP, the N domain, which is proposed to
Toyoshimeet al, 2000; Xuetal,, 2002; Zhangt al., 1998) move freely about a hinge region that connects it with the
propose, because the form of the enzyme that results fromP domain, approaches the P domain because of thermal
these conformational changes retains high affinity'Ca  motion, and when the domains are in the proper position,
binding. It is thus more likely that the differences in the they-phosphoryl group of ATP is transferred to the active
conformations of the P domain, TM4 and TM5, and the site aspartate in the P domain. This results in the formation
Ca*-binding ligands between the two structures simply of the E1~ P conformational state with the ions bound
reflect the conformations that these elements adopt in the(E1 ~ PCg). The A domain, termed thé domain by Xu
presence and absence of?CaWe shall return to this et al.(2002), is not involved in these initial motions. The

key conformational change in the €abinding site re- B domain then undergoes its9tation, again driven by
gion and its relation to the cytoplasmic domain motions thermal motion, about the flexible hinge region connecting
in more detail below. it with TM1, TM2, and TM3 in the transmembrane helix

In summary, the P-type ATPases do indeed un- region. Next, when the highly conserved TGES sequence
dergo profound conformational changes, particularly in in the 8 domain collides with the aspartyl phosphate in
the large cytoplasmic region, which are primarily sweep- the phosphorylation/dephosphorylation site, it latches on
ing, rigid body, hinge-bending interdomain movements of to it, fixing the 8 domain in its rotated orientation. This
the N, P, and A domains. These conformational changesin turn is proposed to put a strain on the loops connecting
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major conformational changes do indeed occur in the
catalytic cycles of the P-type ATPases that are not re-
lated to the putative E1/E2 conformational change that
changes the reactivity of the enzymes to ADP or water and
changes the sidedness and the affinities of the ion-binding
sites at the same time. Thus, the major conformational
change proposed to occur in the enzyme phosphorylation
E1~P Ca, reaction is a significant step in the right direction. On the
other hand, a weakness of the model is that it fails to rec-
ognize the essential role of transition state binding affinity
ADP as the driving force for this reaction and the other major
’.‘ conformational changes undergone by the P-type ATPases
2Ca during their catalytic cycles. While this may be considered
tolerable, it is not good from an heuristic point of view,

since an ultimate complete description of the molecular
mechanism of these enzymes will most certainly include
this critical aspect of the reaction cycle.
Another problem with the model is the stipulation
that the A org domain does not undergo a conforma-
‘7'3 o tional change in the enzyme phosphorylation reaction,
° 2 which is almost certainly incorrect. In the case of the-H
E2 i E2-P ATPase, the enz i [ -
, yme is strongly protected against tryp
tic hydrolysis in the presence of MgADP, which is a

Fig. 4. Recent conformational coupling model for the?CaATPase substrate analogue (Addlgon and ScarborOUQh’ 1982) for
reaction cycle. The model shown is adapted from the recent model of the €nzyme phosphorylation reaction, and by Blg -
Xu et al. (2002). N and P refer respectively to the nucleotide-binding methylene ATP, which is a transition state analogue of
and phosphorylation domains defined by Toyoshérra.(2000), ang this reaction (Addison and Scarborough, 1982). Because
refers to the A domain defined by the same authors. The transmembraneiha A domain contains numerous residues that are ca-
helix region lies below these domains. The thick lines in the transmem- . L .
brane region represent TM5 (left) and TM4 (right). The icons for MgATP, pable of b(f.'lng cleaved by trypsin in the absence of lig-
ADP, C&* ions, and Pi are identified in the figure. The elongated fea- @nds (Addison and Scarborough, 1982; Hennessey and
ture in theg domain is the highly conserved TGES sequence of residues Scarborough, 1990; Scarborough and Hennessey, 1990),
181-184. See text for details. this profound protection against tryptic degradation can
only be explained by a conformational change in the A
the 8 domain to TM1, TM2, and TM3, and this, in an domain induced by MgADP ang,y-methylene ATP,
unspecified manner, causes’Ceelease on the far side of  presumably a rotation analogous to that proposed by
the enzyme via TM1 and TM2 and drives the P domain Toyoshimaet al. (2000) and by Xuet al. (2002) later
rotation and concomitant conformational changes in TM4 in the reaction cycle (Fig. 4). This premise is further sup-
and TM5. The sum of these changes after-EP is the ported by the fact that the greatest extent of surface residue
traditional E1~ P to E2—P conformational change. The occlusion in the F-ATPase is induced by MgADP, as ev-
aspartyl phosphate linkage in E2P then hydrolyzes to  idenced by the hydrogen/deuterium exchange rates in the
form the E2 state, in which the A and P domain rotations presence and absence of this ligand (Goormagletigk,
and the changes in the transmembrane helix region are1994). And finally, recent ca. 1A resolution structures of
maintained. Then, upon binding of a new pair of’€a  the H"-ATPase obtained by single particle analyses of the
ions from the cytoplasmic side of the membrane, the A enzyme in the presence and absence of MgGADP (Rhee
and P domain rotations and the changes in the transmem-et al,, 2002), indicate that the outermost density of the
brane helix region are reversed, regenerating the E1 formH"-ATPase hexamers moves toward the sixfold axis upon
of the enzyme with the G4 ions bound. binding of MgADP. Since the A domain analogue in the
Several features of this model merit further discus- H*-ATPase (domain 4 of Fig. 2) is the outermost domain
sion. On the positive side, it recognizes for the first time in the H"-ATPase hexamers, and the N and P domain ana-
since the landmark studies of Jeneksal. (1989), and a logues are more centrally located (Awral, 1998), this
few efforts of my own (e.g. Addison and Scarborough, provides direct evidence of substantial movement of do-
1982; Scarborough, 1985, 1992, 1996, 2000a,b), thatmain 4 of the H-ATPase toward the N and P domains
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upon the binding of MgADP. Importantly, the domain 4 in the 8 or A domain to the aspartyl phosphate in the
movement is accompanied by detectable changes in thephosphorylation/dephosphorylation site initiates the sub-
transmembrane helix region (Rhekal,, 2002). In view sequent events that lead to expulsion of th&Gans from
of all of the above considerations, it is clear that the A do- their binding sites on the far side of the membrane. This
main undergoes a substantial conformational change dur-is likely to be true, and represents for the first time, a spe-
ing the enzyme phosphorylation reaction, and this changecific suggestion as to what might actually transpire when
leads to movements in the transmembrane helix region. the traditional E1~ P form of the enzyme “decides” to
This makes it less likely that the A domain rotation and undergo a conformational change to the-B2 form and
associated movements of TM1-3 can be the driving force debind the transported ions. It is additionally attractive be-
for the proposed E* P to E2—P conformational change  cause latching of the TGES sequence to the aspartyl phos-
that expels the bound €aions from their binding sites,  phate is tantamount to formation of the transition state of
because the majority of these movements probably occurthe enzyme dephosphorylation reaction, and high affinity
before this step. binding of the enzyme to this transition state is almost
Another problem with the model is that it mislead- certainly the driving force that makes the reaction pro-
ingly overemphasizes the role of the enzyme conforma- ceed, in keeping with the generalized scheme shown in
tional changes in the overall transport process. The confor-Fig. 1.
mational changes that occur as the enzyme proceeds from Beyond that, however, the model is too vague with
the E1~ P form with C&* tightly bound to the E2-P respect to the events that happen next. After the TGES
state represented by the structure of etwal. (2002) are sequence latches to the aspartyl phosphate, a strain is put
proposed to convert high affinity €a-binding sites fac- on the loops connecting th& domain with TM1-3, and
ing the cytoplasm to low affinity sites facing the other side this drives the C& ions from their binding sites. But it is
of the membrane, from which the Eaions are released. difficult to see how this might actually be, particularly in
Then, after dephosphorylation to the E2 state, the sameview of the apparent flexibility of these connecting loops.
conformation is capable of high affinity €abinding Related to this, if the strain is strong enough to wrench the
from the cytoplasm that reverses all of these conforma- tightly bound C&" ions from their binding sites and bring
tional changes to regenerate the El form. This appears toabout rotation of the P domain, it is not clear why these
be a paradox from a purely conformational point of view. conformational changes would not immediately reverse
That is, if the conformational changes per se drive the after the aspartyl phosphate linkage has been hydrolyzed.
C&t-binding sites to a low affinity state facing the ex- It is also proposed that the release of thé‘Cans from
ocytoplasmic side of the membrane, then how can high their binding sites then somehow relaxes the transmem-
affinity binding of cytoplasmic C& to these sites reverse  brane helices, which conformationally signals back to the
the conformational changes? This suggests that one or theaspartyl phosphate via TM4 and TM5 to undergo hydroly-
other of these premises is incorrect. Importantly Coan, sis. Again, while this may happen, itis difficult to imagine
et al have clearly shown by direct €abinding studies how it might actually occur. These vague aspects of the
that the C&t-free, decavanadate-bound form of the en- model are therefore of questionable heuristic value.

zyme representing the E2P state in the model of Fig. 4 We are thus in need of a better model for the catalytic
has high affinity C&"-binding sites that are accessible cycle of the P-type ATPases. Figure 5 shows a model that
from the cytoplasmic side of the membrane (Ceaal.,, addresses most of the above concerns of the model of Xu

1986). Moreover, the tubular crystals of the?CakTPase etal.(2002), again using the Ea-ATPase as the example.
that have yielded the A structure of this conformational It begins (top left) at the same point of the catalytic cycle,
state are destroyed by micromolar concentrations 6f Ca  with MgATP bound to the C& -liganded, open form of
(Xu et al, 2002), indicating that the ATPase molecules the C&*-ATPase determined by Toyoshiragal.(2002).
in these crystals have a high affinity for €a Thus, the Except for the bound MgATP, this state is also represented
premise that the purely conformational machinations that by the ca. 8A structure of the F-ATPase determined by
give rise to the structure of Xet al. (2002) also convert ~ Auer et al. (1998). After binding MgATP, and the ions
the C&*-binding sites to a low affinity form appears to to be transported, the P-type ATPases then begin the en-
be erroneous. The answer almost certainly lies in impor- zyme phosphorylation reaction, which proceeds via the
tant differences in the ATPase molecule before and after first transition state of the cycle, indicated as TSI. The
the enzyme dephosphorylation reaction, but this is not structure of the P-type ATPases in this state is unknown,
appropriately recognized in the model. but the active site has to look something like that shown
Finally, again on the positive side, the model specif- in Fig. 6, with numerous binding interactions stabilizing
ically stipulates that the latching of the TGES sequence the transition state configuration, and with the aspartate to
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Fig. 5. Improved model for the catalytic cycle of the P-type ATPases. The key steps that occur during the catalytic cycle of the
P-type ATPases are shown. The N, P, and A domains defined by Toyoshiahg2000) are colored green, yellow, and blue
respectively. The transmembrane helix region below is colored gray. Other features are the same as those used in Fig. 4. The
TGES sequence is colored orange. See text for details.

be phosphorylated as the incoming nucleophile and ADP groups, including Serperset al. (1982) and Vilsen and

as the leaving group. This form also must involve tipping Andersen (1992). But even though they are occluded, the
down of the N domain to bring the MgATP close to the ac- ion-binding sites retain high affinity, as shown by Vilsen
tive site aspartate, and as mentioned above, it probably alscand Andersen (1992).

involves rotation of the A domain. In keeping with Fig. 1, After the first transition state, the phosphoenzyme
these interdomain motions and cleft closures are driven by (E ~ P) is formed. Little is known about the structure
the favorable bonding interactions approximated in Fig. 6 of this form. It may remain predominantly closed to aid
(Transition State I). For the HATPase, this is mani-  the efficiency of the subsequent reaction, but at least the
fest as profound resistance to tryptic degradation in the N domain must tip up to some extent with significant fre-
presence of the nonhydrolyzable ATP analogue, 8/g- quency, to allow the ADP/ATP exchange reactions that
methylene ATP (Addison and Scarborough, 1982). For the have been measured for most of the well-studied P-type
Cat+-ATPase, this is near the form of the enzyme locked ATPases. From the experiments of Anderseal. (1985)
closed by CrATP, and by this point, the €&ons are oc- with the C&+-ATPase, this ADP-sensitive form of the en-
cluded inside the molecule, as has been shown by severakyme also retains the bound €aions at high affinity
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dephosphorylation reaction, as mentioned above. For the
H*-ATPase, this is manifest again as extreme resistance to
tryptic cleavage (Addison and Scarborough, 1982) and ex-
tensive occlusion of the surface residues of theATPase

in this form, as indicated by our hydrogen/deuterium ex-
change experiments (Goormaghtggfal., 1994). Interest-
ingly, the tryptic cleavage pattern is indistinguishable from
that of the enzyme locked in transition state | (Addison and
Scarborough, 1982), which seems to indicate that the nu-
cleotide binding domain remains involved at this stage of
the cycle, and that the two structures are quite similar. Im-
portantly, site-directed mutagenesis studies of th& Ca
ATPase strongly suggest that the highly conserved TGES
sequence isinvolved at this stage of the reaction (Andersen
and Sorensen, 1996), but not before, and this sequence is
very close to the phosphorylated aspartate in the struc-
ture of Xuet al. (2002) of the C4"-free, decavanadate-
bound form of the enzyme. It thus stands to reason that
the structure of Xwet al. represents the conformational
state of the enzyme very near transition state Il of the cat-
alytic cycle. Thus, the structure termed TSIl in the model
of Fig. 5 represents the structure obtained byefual,,
named the E2-P state in the model of Fig. 4, at least with
respect to the cytoplasmic domain and transmembrane he-
lix arrangements. As indicated in the model, this form of
the enzyme has indeed lost its affinity for its boundCa
ions and has released them, but as mentioned above, this
is not due to the domain movements per se. The actual

TRANSITION STATE Il

Fig. 6. Approximate transition states of the P-type ATPase phosphory-

lation and dephosphorylation reactions. The approximate arrangements
of the reacting atoms at the transition state of the enzyme phosphory-
lation reaction (Transition State 1) and the enzyme dephosphorylation
reaction (Transition State II) for the P-type ATPases are shown. The D

underlying reasons for this constitute the essence of the
energy coupling problem for the P-type ATPases and are
discussed in some detail below.

Upon the breakdown of the second transition state,

represents the phosphorylated aspartate. In the enzyme phosphorylatiorgha enzyme is dephosphorylated, resulting in the unli-

reaction above, ADP is the leaving group and the aspartate carboxylate
is the entering group. In the enzyme dephosphorylation reaction below,
the aspartate carboxylate is the leaving group and water is the entering
group. Other symbols are as for Fig. 1.

ganded E state shown in the model of Fig. 5. Again, the
structure of this form is unknown, but on the basis of
Fe-catalyzed cleavage studies of the TGES region of the

Nat/K*-ATPase (Patchorni&t al, 2000), it is likely that

the active site aspartate and the TGES sequence remain
sites. Thus, this form of the enzyme has all of the key close, as shown. This is the form of the enzyme that can
characteristics of the classical E1P state. be phosphorylated by Pi in the absence of'Gans, so it

The next step in the reaction cycle is a nucleophilic is close to the state traditionally referred to as E2. But im-

attack by the hydrolytic water molecule on the phosphoryl- portantly, there is ample evidence that by this point of the
aspartate linkage, with the resultant formation of the sec- cycle, i.e., the dephospho-enzyme, the ion-binding sites
ond transition state (TSIl in Fig. 5). The active site in this are again high affinity and accessible from the cytoplasmic
reaction must look something like that shown in Fig. 6 side of the membrane. This was established long ago by
(Transition State II), with water attacking and the phos- Dupont (1982), and in separate studies by Changteil.
phorylated aspartate leaving the phosphoryl phosphorus(1983). The failure of the unliganded enzyme to rapidly
atom. This state must also involve extensive cleft closure, return at least one of the ion-binding sites rapidly to the
driven by the favorable bonding interactions indicated in cytoplasmic side of the membrane was cited by Tanford
Fig. 6 and in accord with the general scheme of Fig. 1. This as a fatal flaw in the traditional E1-E2 model (Tanford,
is the form that these enzymes assume in the presence 0f1985). And this important premise was proved beyond
orthovanadate, a transition state analogue of the enzymereasonable doubt in the thorough experimental analysis of
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Petithory and Jencks (1988). Nevertheless, the proposed As a final point regarding the catalytic cycle of the
conformation of the dephosphorylated E state of the en- P-type ATPases, examination of the fundamental reaction
zyme in the model of Fig. 5 indicates that the atoms that scheme deduced by Jenadtsal. (1989) on the basis of
constitute the C& -binding sites, TM4 and TM5, and the  their analysis of the Ca-ATPase reaction cycle reveals
rotated orientation of the P domain remain similar to that that it contains the same essential features as the catalytic
in TSII, in which the C&* ions are released at low affinity.  cycle described in Fig. 5. Thus, in the scheme of Jencks,
This is not a contradiction because, as discussed abovethe ion-binding site access changes are driven by phos-
this arrangement of the binding site atoms, TM4 and TM5, phorylation and dephosphorylation of these enzymes. The
and the P domain does not, per se, bring abodt @an ion-binding sites face the uptake side in the unphospho-
release. They remain in this conformation in the E state rylated form and are capable of debinding the ions to the
simply because this is the most stable arrangement thatrelease side after phosphorylation. Upon dephosphoryla-

they can assume in the absence of‘Cans.

In the final step of the reaction cycle, the enzyme
binds a new pair of Ca ions from the cytoplasmic side
ofthe membrane and reverts to a state near ti&-Baund
structure solved by Toyoshin& al. (2000). This step of
the model is same as that in the model ofetal. (2002).
Because the two Ca-binding sites are not well formed in

the E form of the enzyme, this process must involve a con-

certed reaction in which the binding of theZdons to a

few of the binding site atoms brings about a rearrangement

of the other C&" ligands, which regenerates the two com-
plete C&*-binding sites with the ions bound, and drives

the remaining conformational changes in the transmem-

tion, the ion-binding sites rapidly become accessible again
on the uptake side of the membrane. This is a much more
realistic view of the catalytic cycle of the P-type ATPases
than the traditional E1-E2 scheme, and there is a great
deal of solid evidence in support of it.

THE ENERGY COUPLING MECHANISM

The results of the foregoing analysis obviously beg
the following question: If the sweeping conformational
changes that convert the structure of théGaound form
ofthe C&*-ATPase elucidated by Toyoshiratal.(2000)

brane helices and the cytoplasmic domains. It is pertinent to the C&*-free form elucidated by Xat al.(2002) per se

in this regard that simple side chain rotations of thé'Ca
site | ligands (Toyoshimat al., 2000) of the C&"-free
structure generate an essentially completé"csnding

do not expel the Ca ions from their binding sites as
posited above, then what does? Somehow, the chemical
events occurring during the enzyme dephosphorylation

site. This concerted rearrangement occurs spontaneouslyeaction in the cytoplasmic region exert effects on the ion-

in the presence of G4 ions because this is the most sta-
ble arrangement of the various elements whefiGans
are bound. This sequence of events in the process%f Ca
binding to the E form of the enzyme is completely con-
sistent with the cooperative €abinding process charac-
terized in the direct G -binding studies of Petithory and
Jencks (1988).

As an additional note regarding this step, the analy-

binding sites 50A away, leading to a decreased affinity
for the ions, and the basis for this is the key remaining
question in the P-type ATPase field. A related question
is the basis for Pickart and Jencks’ inescapable conclu-
sion that there is mutual repulsion between the phospho-
rylated aspartate and the bound ions in thé'CATPase
(Pickart and Jencks, 1984). And another similar ques-
tion is the basis for the observation that the binding of

sis of Stahl and Jencks (1987) indicates that during a nor- C&2* ions to the C4"-free orthovanadate-bound form of
mal catalytic cycle, the reaction does not proceed via the the C&"-ATPase can drive the orthovanadate out of its

wide open C4"-bound structure of the enzyme solved by
Toyoshimaetal.(2000) as depicted in Fig. 3. Rather, it nor-

mally proceeds by rapid binding of ATP and the’!Cans

to the E form followed by phosphoenzyme formation at a
high rate. Thus, in normal cycling, the more vertical orien-
tation of the N domain depicted for the E form is probably
maintained after the binding of MgATP and the two’Ca

tightly bound transition state 1l complex with D351 and
other residues at the dephosphorylation site (Gztaa,,
1986). These are all probably manifestations of the same
phenomenon of communication between the phosphory-
lation/dephosphorylation site and the ion-binding sites
through a considerable distance. And the means by which
this communication is achieved constitutes the solution to

ions. In fact, although beyond the scope of this paper, a the energy coupling problem for the P-type ATPases.

much more detailed reaction cycle model for theGa

The traditional answer to this problem has been the

ATPase could readily be constructed with energies and proposal that the communication is achieved by long-
rates and approximate structures using the values carefullyrange conformational changes in the molecule. However,
measured and compiled by Pickart and Jencks (1984) to-we have already ruled out the direct involvement of all of
gether with the structural information currently available. the conformational changes in the P-type ATPases known
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to exist, and so this answer would require the oft-used
gambit of “further conformational changes” (MacLennan
etal, 1997) to a new state. But this would only delay a so-
lution as we wait for the structure of that new state, which
will never be obtained if it does not exist.

There is, however, an attractive alternative solution
to the problem, and it can be almost completely devel-
oped and described using structural information that is

already available. Since both the dephosphorylation re-

action and ion debinding are really only electronic rear-
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electronic arrangement of the peptide linkage that gives
rise to its characteristic bond lengths and fixed planar na-
ture, and importantly in the present context, its large dipole
moment (Schulz and Schirmer, 1979). Thus, a positive
charge placed near the carbonyl oxygen of one residue of
a dipeptide linkage will attract the electrons, thereby
transmitting the positive charge to the amigddIH of the
second residue. Moreover, any carbonyl oxygen that is
hydrogen-bonded with that amideNH will receive the
positive charge pulse and transmit it to its amigéH

rangements among the atoms involved, all thatis needed ispartner by the same mechanism. A small charge transfer
one or more paths in the ATPase molecule through which complex of this sort involving three peptide linkages and
electronic signals can be transmitted. An ideal building two hydrogen bonds is shown at the bottom of Fig. 7. It

block for such a path in proteins is the peptide bond itself.
As explained by Paulingt al. (1951) and diagrammed
in Fig. 7, the peptide bond is a hybrid structure of two
limiting electronic forms linked by resonatingelectrons
smeared between thé-€0 and C—N bonds. It is this

= = H _Cu m H
;:w-";._”.-"" . ::l:':.h.l"!
o “o— @0 ™Ca—
| ]
P
Vs W
—

follows that any hydrogen-bonded chain involving-€0
and C—NH linkages will transfer charge along its entire
length. This is similar to the ionic defect transfer part of
the hydrogen-bonded chain mechanism for proton con-
duction in proteins suggested by Onsager (1969) and re-
viewed by Nagle and Tristram-Nagle (1983), but with no
second rotation steps and hence no proton conduction.
Figure 8 shows that two such paths do indeed exist
in the C&*-ATPase molecule. The first of these, path |, is
shown in Fig. 8a. It begins at the water molecule bound to
the C&* ion in C&*-binding site | and extends via 764 O
(lower arrow) all of the way up to 353 N (upper arrow)
within a few angstroms of D351 (asterisk). It runs primar-
ily along TM5, but crosses at the top of TM5 via 740 N into
the B8 sheet section of the P domain and makes the final
connections via the strand that contains D351. The second
path, path II, is shown in Fig. 8b. It begins at theCan
in Ca*-binding site 1l directly liganded to the carbonyl
oxygen, 307 O (lower arrow), and extends all the way up
to amide 723 N (upper arrow) near the probable active site
residue, D703 (filled circle). It travels up the TM4helix
and then crosses over to thesheet structure of the P do-
main, where the final connections are made between sev-
eral of the adjacent strands. Interestingly, this path passes
right through the unwound helix region of TM4, which
contains the strictly conserved PEGLP sequence begin-
ning at P308. The strict conservation of this sequence in
virtually all P-type ATPases would appear to be necessary
in order to maintain the integrity of the charge transfer
pathway in this region. This also probably explains why
mutation of P312 interferes with the E1P to E2P transition
(Andersen and Sorensen, 1996). Amazingly, both charge
transfer pathways consist entirely of main chain atoms.

Fig. 7. The peptide bond as a charge transfer unit. The upper part of This may serve as a very effective means of protecting the
the figure shows the two limiting electronic structures of the peptide paths against loss of function due to random mutational
bond, labeled | and Il. Below these is a sticks representation of the events. since most side chain mutations would 0n|y indi-
peptide bond viewed from a similar perspective. The bottom part of the rectl a{ffect the function of the charge transfer pathways
figure shows a sticks representation of a small charge transfer complex 3:: 8c sh both of th h i f i/h.
lgure oC shows potn o € charge transter patn-

comprising three peptide linkages and two hydrogen bonds. See text for
detalils. ways together. It also shows that each pathway actually
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Fig. 8. Charge transfer pathways in theXCaATPase. Two resonating H-bond pathways capable of charge transfer connect

the C&* ions in their binding sites with residues very near the phosphorylation/dephosphorylation site. The H-bonds or
direct C&* linkages are shown as green dashed lines and tRe iBas are shown in purple. Panel a shows one of the
charge transfer pathways. The lower arrow points to 764 O and the upper arrow points to 353 N. The asterisk marks the
side chain carboxyl group of D351. Panel b shows the other charge transfer pathway. The lower arrow points to 307 O
and the upper arrow points to 723 N. The filled circle marks the side chain carboxyl group of D703, another key residue.
Panel c shows the two charge transfer pathways together. The filled circle and the asterisk mark the side chain carboxyl
groups of D703 and D351 as in Panels a and b. The arrow in Panel ¢ points to the side chain carboxyl group of D800. Only
selected main chain residues and H-bonds are shown in Panels a and b. Panel ¢ shows a more complete representation of
the main chain residues and H-bonds that constitute the charge transfer pathways. The presence of H-bonds was judged by
the programs RasMol and Deep View Swiss-Pdb Viewer using the default settings. The structures shown were generated
as for Fig. 3.

splits into three electrically parallel paths for a substantial by mutation, by providing alternate charge transfer routes
distance. Path | splits just above 764 O and then con- for each of the paths.

verges again at 741 O at the top of TM5. Path Il splits at In addition to the points of connection between the
314 N, just after the unwound helix region of TM4 and bound C&" ions and the charge transfer pathways de-
then converges again at the top of TM4. Since the two scribed above, there are probably other connections as
pathways are linked via D800 (arrow in Fig. 8c), they too well. But at a structure resolution of 24, and with-

are linked in an electrically parallel fashion. This design of out the coordinates of probable bound water molecules or
the charge transfer pathway complex may be significant. the actual density for inspection, it is difficult to propose
First, it should substantially decrease the electrical resis- others with certainty. However, there appears to be a sub-
tance of the signalling pathway. But possibly more impor- stantial amount of extra density in the region of the bound
tantly, this feature would also help prevent loss of function C&* ions (Toyoshimaet al, 2000) that may be due to

of the paths due to indirect structural perturbations causednumerous other bound water molecules, which could serve
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as alternative or additional links between the bounéfCa  phosphorus atom and thereby assist the nucleophilic attack
ions and the charge transfer pathways. As a good exam-by the hydrolytic water molecule as shown. As indicated
ple of this, D771 @1 is a C&" ligand and D771 @2 in by the A, positivity at another residue may also provide
resonance with itis 4.8 away from 768 O, whichis con- ~ general acid assistance to the leaving group, which is prob-
nected with path |. A water molecule in this space could ably D351 G1. Binding of the hydrolytic water molecule

make another connection between théCian in site | via a general base B as shown will also promote the for-
and path |. Additional possibilities can be seen, but they mation of transition state Il, as would binding of the other
are not discussed here. water hydrogen atom to a second general base not shown.

In sum, it is very likely that residues at the phospho- Together, these forces will stabilize transition state Il as
rylation/dephosphorylation site and both boundCans shown and thereby promote the enzyme dephosphoryla-
are electronically linked via two charge transfer pathways tion reaction. This is presumbly at least part of the basis
consisting of resonating main chaih O, N, and Hatoms,  for the mutual repulsion between the boundCians and
and possibly water molecules as well. It is proposed that the phosphoryl aspartate, concluded to exist by Pickart
one or both of these pathways transmit electronic signals and Jencks (1984). And the positive push on the leav-
generated during the enzyme dephosphorylation reactioning group readily explains the observation of Caral.
to the bound C& ions, promoting their debinding and dif- ~ (1986) that C&"-binding drives orthovanadate off of the
fusion away on the lumenal side of the enzyme. Likewise, enzyme. Moreover, if the general base or bases are linked
the bound C& ions influence the chemical reactions at to either or both of the charge transfer pathways, then bind-
the phosphorylation/dephosphorylation site via the same ing of the positive end of the strongly dipolar hydrolytic
pathways. These charge transfer pathways thus constitutevater molecule would push back on the bound'Gans,
the atomic and molecular basis of the energy coupling Promoting their release from the &abinding sites. And,
mechanism. since the charge transfer pathways actually extend some-

what below the ion-binding site region, the positive push

should assist the diffusion of the ions toward the release
MOLECULAR MECHANISM OF THE side of the membrane. This positive push would also con-
P-TYPE ATPases tribute to the mutual repulsion between the phosphoryl

aspartate and the bound®€anoted by Pickart and Jencks

The final step to an understanding of the molecular (1984). Itis pertinent that all of the €&-binding atoms in
mechanism of the P-type ATPases will be to precisely de- both binding sites are electronically interconnected with
fine the side chain movements and atomic rearrangementsach other and both charge transfer pathways. Thus, a
occurring during the enzyme dephosphorylation reaction positive push via either charge transfer pathway would
that give rise to the charge pulse that drives th&Gans act on all of the C& -binding ligands. These proposed
from their binding sites via the charge transfer pathways interactions are also reasonably consistent with the data
described above. Unfortunately, this will be possible only of Andersenet al. (1985), which suggest that the €a
when an atomic resolution structure of a P-type ATPase in ions debind before the E2P hydrolysis reaction has oc-
transition state Il, complete with the chemical reactants, curred. Within the context here, they would leave at tran-
becomes available. Fortunately, because most, if not all, P-sition state Il, which would still probably be measured as
type ATPases tightly bind the transition state 1l analogue phosphoenzyme under the acid quench conditions of these
orthovanadate, it can be anticipated that even this final experiments. Pickart and Jencks also raised the possibil-
step may become possible quite soon because it should béty that the C&+ actually dissociates from the transition
possible to crystallize at least one of these in the presencestate of the phosphoenzyme hydrolysis reaction (Pickart
of Mg plus orthovanadate. But even as we wait, on the ba- and Jencks, 1984).
sis of the structural and biochemical information we have The above forces alone may be adequate to explain
now, it is possible to visualize an outline of the complete how the formation of transition state Il could drive the
molecular mechanism. Ca* ions from their binding sites, promoting their re-

The enzyme dephosphorylation reaction must pro- lease to the far side of the €aATPase. However, the
ceed via a transition state 1l arrangement something like measurements of Coaat al. (1986) indicate that Ca
that shown in Fig. 6. The presence of boundQans will drives the transition state Il analogue, orthovanadate, off
generate positivity via the charge transfer pathways at cer- of the C&*-ATPase with an affinity of about 50M. This
tain active site residues, which may include one or more of may mean that the €& sites have not reached their low-
the positive centers indicated by the circledsymbols. est affinity at transition state Il. This could possibly reflect
This will delocalize the electron shield protecting the an imperfectness of orthovanadate as a transition state
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analogue of the enzyme dephosphorylation reaction, or Although not essential to the energy coupling mech-
it might indicate that a complete breakdown of transition anism, it should be mentioned for the sake of complete-
state |l and the resultant full release of the hydrolytic water ness that the bound &aions probably also electronically
molecule protons are needed to fully drive the Cmns promote the formation of the transition state of the enzyme
from their binding sites via the charge transfer pathways. phosphorylation reaction (transition state ) via the charge
If the latter possibility is correct, it would presumably transfer pathways in ways similar to those proposed here
indicate that the liberated Pi, properly positioned in the for the enzyme dephosphorylation reaction but with dif-
binding site, would still revert to phosphoenzyme under ferent attacking and leaving groups.

the acid quench conditions of the experiments of Andersen While the above events of the phosphoenzyme hy-
etal.(1985). Itis also conceivable that the hydrolytic water drolysis reaction and the €a-debinding reaction coupled
proton(s) exert a more direct effect on the ion-debinding viathe charge transfer pathways are proceeding, forces are
reaction by diffusion or hopping from the dephosphoryla- also at work on the protein structure all along the charge
tion site to the ion-binding site via a conspicuous channel transfer pathways. Figure 9 shows some of the major in-
that runs between these sites. teractions. When the positivity from the hydrolytic water

Fig. 9. Key structural changes along the charge transfer pathways. Important structural changes that occur along the charge
transfer pathways as the €aliganded form of the Ca -ATPase determined by Toyoshiratal. (2000) is converted to

the C&*-free structure of Xtet al. (2002) are shown. Asterisk: D351 side chain carboxyl group; filled triangle: region of
M326; arrow: 311 N; filled circle: D800 side chain. Panel a shows tHe diganded structure. TM4 is shown in cyan;

the B-strand at the top of TM5 is light orange; the part of TM6 where D800 is located is in darker orange; H-bonds
are in green; the bound €aions are in purple. Panel b shows the?Cdree structure. The color scheme is the same

as for Panel a. Panel ¢ shows the same region of the two structures together for comparison, with the top part of TM5
included. In this case, colored ribbons indicate thé'Gliganded structure, and white ribbons indicate théClee

form. The alignment of the two structures was done by the program Deep View Swiss-Pdb Viewer selecting only TM5
residues 742-778 for the fitting function. The presence of H-bonds was judged as for Fig. 8 and the structures shown were
generated as for Fig. 3.
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molecule in the dephosphorylation site begins to exert its bound hydrolytic water protons would prevent any further

presence on the bound &aions via the charge transfer

rebinding via their positive push back down the charge

pathways, the positivity at 311 N (arrow) increases. Since transfer pathway(s). This resistance to rebinding would
the hydrogen bond is a continuous electrostatic energy persist untilthe enzyme hasreopened enoughtorelease the
function of the charge on the bonding partners and the hydrolytic water protons and the Pi as well. At that point,
distance and angle between them (Kabsch and Sanderpreferential ion binding from the cytoplasmic side may

1983), the increased positivity at 311 N will strengthen

and shorten the long H-bond between 311 N and 308 O,

resulting in a downward movement of the upper part of
TM4 and assisting in Cd expulsion by distorting Ca -
binding site Il. At the same time, the positivity on 311 N
pulls on the D800 side chain (filled circle) carboxyl group,
or favors the closer rotamer, causing it to swing up toward
311 N and hydrogen-bond with it. This further distorts
both C&*-binding sites since the D800 carboxyl group is

be aided by a more efficient arrangement of ligands for
removing the hydration shells of the €aons in the cy-
toplasmic entry path than in the exocytoplasmic exit path.

CONCLUSION
In light of the discussion presented, it is likely

that the P-type ATPases do not work by the traditional
mechanochemical coupling mechanism in which events

a ligand for both. The strengthening connection between occurring at the site of phosphorylation and dephospho-

the D800 side chain carboxyl group and 311 N further
pulls the upper part of TM4 down, leading to further dis-
tortion of C&*-binding site 1. This downward movement

of the upper part of TM4 pulls the P domain down with
it, causing the P-domain rotation, and causing TM5 to
bend. But with resistance from the P domain and TM5

rylation mechanically drive the ion-binding site residues
from one side of the membrane to the other and change
their affinity in the process. While sweeping conforma-
tional changes do occur in these enzymes, their primary
function is to facilitate the course of the chemical reaction
sequence by optimizing transition state binding affinity.

and torsional constraints, this downward movement also But the effects of the chemical events occurring at the

opens the tight turn at the top of TM4, breaking several
H-bonds in the region of M326 (filled triangle) in the pro-
cess, and partially separates thesheet connecting the
tops of TM4 and TM5. To the extent that the model of this

phosphorylation/dephosphorylation site must somehow
be transmitted to the ion-binding sites in the membrane
S0 as to drive the release of the ions to the other side of the
membrane. And the means by which this is accomplished

6 A resolution structure is accurate, this process also is the essence of the molecular mechanism of the P-type
breaks both charge transfer pathways by a few angstroms ATPases. Rather than purely conformational coupling, it

And finally, although not shown in Fig. 9, by this time,
all of the former C&"-binding atoms except the main

is proposed that these enzymes use an energy coupling
mechanism of a different sort. Electronic events occurring

chain carbonyls 304 O, 305 O, and 307 O, have found new at the phosphorylation/dephosphorylation site are trans-

partners via H-bonds. These three potentigt‘mands
presumably remain free to initiate the concerted confor-
mational change that will occur when the next cytoplasmic
Ca* ions bind.

The occurrence of all of the above events in con-
cert results in the completion of the phosphoryl aspar-
tate hydrolysis reaction and release of thé'Gans, and
the enzyme structure is near that determined byeXall.
(2002). It is thus nearly ready to bind a new pair of cyto-
plasmic C&" ions and begin another round of the cycle.
But a significant problem remains at this point, as is the
case for any model for the P-type ATPases. If the driv-
ing forces for the release of the €aions arise from the

events occurring during the enzyme dephosphorylation re-

mitted to the ion-binding sites via two well-defined charge
transfer pathways that run between the sites. These elec-
tronic events directly contribute to expulsion of the trans-
ported ions and additionally drive conformational changes
in the binding site region that further assist ion debind-
ing. The recognition of these charge pathways allows the
formulation of a first-generation model for the complete
molecular mechanism of the P-type ATPases. All that
remains before the complete solution are atomic details
of the structure of a P-type ATPase in the transition state
of the enzyme dephosphorylation reaction.

Finally, with the likelihood that charge transfer path-
ways are essential in the function of the P-type ATPases,
it is worth considering the possibility that they may op-

action as proposed above, then it must be explained whyerate in other enzymes as well. One group of enzymes
the released ions do not simply rebind when the enzyme that comes to mind in this regard is theFy ATP syn-
dephosphorylation reaction has been completed. And thethases of mitochondria, chloroplasts, and bacteria with

answer with respect to this model is that if this were to be-
gin to occur, the charge transfer pathways would reform

their long helicaly subunit (Bianchettal,, 1998; Gibbons
et al, 2000) that transmits a long-range signal from the

(if they are indeed broken in the real structure), and the F, sector in the membrane to the sites of ATP synthesis
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in the a3 B3 complex. Another is the animal cell tyrosine-
specific protein kinase coupled receptors with only asingle
transmembrane helix through which the signal transmis-
sion must occur. Similar signalling between intracellular
enzymes and effectors is equally feasible.
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