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Abstract P-type ATPases are a large family of membrane proteins that perform active ion
transport across biological membranes. In these proteins the energy-providing ATP hy-
drolysis is coupled to ion-transport that builds up or maintains the electrochemical poten-
tial gradients of one or two ion species across the membrane. P-type ATPases are found in
virtually all eukaryotic cells and also in bacteria, and they are transporters of a broad vari-
ety of ions. So far, a crystal structure with atomic resolution is available only for one spe-
cies, the SR Ca-ATPase. However, biochemical and biophysical studies provide an abun-
dance of details on the function of this class of ion pumps. The aim of this review is to
summarize the results of preferentially biophysical investigations of the three best-studied
ion pumps, the Na,K-ATPase, the gastric H,K-ATPase, and the SR Ca-ATPase, and to
compare functional properties to recent structural insights with the aim of contributing to
the understanding of their structure–function relationship.

Introduction

All living cells are surrounded by membranes that separate their strictly controlled cyto-
plasmic contents from their environment, and within cells numerous compartments with
specific functions and different compositions of components are enclosed also by mem-
branes. These membranes consist of lipid bilayers, which are effective barriers for most of
the water-soluble substances, such as ions, sugars, and amino acids. To perform its metab-
olism, a cell needs selective and controlled transport of substrates and of end products of
the metabolic processes across these membranes. This transport function is performed by
membrane proteins.
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Besides the separation of aqueous phases, a second function of membranes is the stor-
age of energy in the form of chemical potential gradients, Dmi¼RT � ln c0i=c00i

� �
, of sub-

stances i in the case of uncharged substances or in the case of ions in the form of electro-
chemical potential gradients, D~mi¼RT � ln c0i=c00i

� �
þ ziF j0 �j00ð Þ.

On the basis of thermodynamic principles, two classes of transport proteins can be dis-
criminated: proteins that perform passive and active transport. Passive transport is defined
by facilitated diffusion “downhill” along the (electro-)chemical potential gradient of the
transported substance whereby the energy gradient dissipates. Active transport occurs “up-
hill,” increasing the (electro-) chemical potential of the transported substances. This is
possible only if energy in the form of free energy, DG, is provided from another process
which is coupled to the transport across the membrane. This energy input has to be larger
than the (electro-) chemical potential, DGj jgt;D~mi. Active ion-transport proteins in animals
are mostly ion transporters, so-called ion pumps. A careful and detailed introduction into
the biophysics of ion pumps can be found in the monograph Electrogenic Ion Pumps (LÉu-
ger 1991).

Energy sources that power active ion transport are light, e.g., in bacteriorhodopsin
(Stoeckenius 1999; Der and Keszthelyi 2001; Lanyi and Luecke 2001), redox energy, e.g.,
in the cytochrome c oxidase (Michel 1999; Wikstrom 2000; Abramson et al. 2001), or de-
carboxylation, e.g., in ion-translocating decarboxylases (Dimroth 1987; Michel 1999;
Wikstrom 2000; Abramson et al. 2001). The most common energy-producing mechanism
is, however, ATP hydrolysis in transport ATPases.

Ion-motive ATPases are the largest and most diverse class of ion pumps. Three groups
are discussed in the literature: (a) F-type ATPases (Dimroth et al. 2000; Papa et al. 2000;
Capaldi and Aggeler 2002; Senior et al. 2002), which work in many cases in reverse direc-
tion as so-called ATP synthetases, e.g., in the inner mitochondrial membrane or in the thy-
lakoid membrane of chloroplasts. (b) V-type ATPases (Sze et al. 1992; Nelson 1995; For-
gac 1999) which are ubiquitous H-ATPases with a structure related to that of F-type AT-
Pases. They are found in cellular organelles of an ever-increasing number of different
cells. (c) P-type ATPases, which are found in virtually all eukaryotic cells and also in bac-
teria.

P-Type ATPases

In contrast to the other two types of ion-motive ATPases, P-type ATPases are of a much
simpler structure (Møller et al. 1996). They have an a-subunit of approximately 100 kDa
that contains all components essential for enzymatic activity and transport. Examples of
such single-subunit P-type ATPases are, e.g., Ca-ATPases (Carafoli 1992; Lee and East
2001). Na,K-ATPase and H,K-ATPase are functional only if assembled together with a b-
subunit (McDonough et al. 1990; Geering et al. 2000; Geering 2001). In the case of the
Na,K-ATPase, in specific tissues a g-subunit was found, which is also discussed as a regu-
latory device (Berrebi-Bertran et al. 2001; Cornelius et al. 2001; Therien et al. 2001).
Meanwhile, a whole family of such regulators was identified, called FXYD proteins (Be-
guin et al. 2002; Garty et al. 2002). A K-ATPase of E. coli (the so-called Kdp-ATPase) is
composed of three different polypeptides (Epstein et al. 1990; Altendorf et al. 1992).

A second fundamental difference between P-type ATPases and the other ion-motive
ATPases is their enzymatic reaction mechanism (Glynn 1985; Lancaster 2002), which
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contains a phosphorylated intermediate. The g phosphate of ATP is transferred to a highly
conserved aspartyl residue in the large cytoplasmic loop between the forth and fifth trans-
membrane segment. Specific to P-type ATPases is also that the enzymatic activity (and
consequently ion transport) can be inhibited by ortho-vanadate, which acts as a tightly
bound transition-state analogue of phosphate (Cantley et al. 1977).

P-type ATPases are found in virtually all eukaryotic cells and also in bacteria, where
they actively transport various ions. They are distributed in different classes (I–IV) and
several subgroups (Sweadner and Donnet 2001) according to the ions they transport: Na+,
K+, Ca2+, H+, Mg2+, Cu2+, Cd+, Hg+, and even Cl- (Gerencser 1996).

Structural properties

Although their molar masses vary between about 70 and 100 kDa, the first five transmem-
brane domains and the large cytoplasmic loop, which forms the main part of the enzymatic
machinery, are well conserved for all P-type ATPases. Yeast proteins mostly have six
transmembrane domains, while those from animal tissues preferentially have ten (Swead-
ner and Donnet 2001).

A breakthrough in the understanding of structure–function relationships was made
when the first highly-resolved 3D structure of a P-type ATPase became available with a
resolution of 2.6 
 (Fig. 1), the Ca-ATPase of the sarcoplasmatic reticulum in its E1 con-
formation with 2 Ca2+ ions bound (“Ca2E1;” Toyoshima et al. 2000). The structure con-
firms the topological organization of ten transmembrane helices deduced for Ca, Na,K-,
H,K- and H-pumps by biochemical techniques (MacLennan et al. 1985), and the structure
reveals several unexpected features. It was found (Toyoshima et al. 2000) that (a) both
ions are located side by side with a distance of 5.7 
 close to the middle of the transmem-
brane section of the protein, (b) the ion binding sites are surrounded by the transmembrane

Fig. 1 Structure of the Ca-ATPase of the sarcoplasmatic reticulum in both principal conformations as re-
solved by their crystal structure. Left: In its conformation Ca2E1 (PDB file 1EUL) the spatial resolution was
2.6 
 (Toyoshima et al. 2000). Right: The structure in the E2 conformation (PDB File 1IWO) was stabilized
by tharpsigargin (not shown) and obtained from crystals with a resolution of 3.1 
. (Toyoshima and Nomu-
ra 2002)
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helices M4–M6 and M8, (c) the a helices M4 and M6 are partly unwound to provide an
efficient coordination geometry for the two Ca2+ ions, and (d) a cavity with a rather wide
opening, surrounded by M2, M4, and M6 is discussed as an access structure on the cyto-
plasmic side. The outlet of Ca2+ is likely to be located in the area surrounded by M3–M5.
The details of Ca2+ occlusion sites fit well with that deduced in extensive mutagenesis
studies (Clarke et al. 1989a, MacLennan et al. 1997). The parts of the protein protruding
into the cytoplasm are divided into three domains, two domains, N (nucleotide) and P
(phosphorylation), are formed by the loop between M4 and M5, well separated from a
third A domain (actuator or anchor) formed by the loop between M2 and M3 and the tail
leading into M1. The fold of the P-domain is like that of L-2-haloacid dehalogenase and
related proteins with homologies to P-type pumps in conserved cytoplasmic sequences
(Saraste et al. 1990; Aravind et al. 1998).

Recently, the structure of the SR Ca-ATPase in its second principle conformation, E2,
stabilized by the specific inhibitor tharpsigargin [“E2(TG)”], became available with a reso-
lution of 3.1 
 (Toyoshima and Nomura 2002). Due to the low Ca2+-binding affinity in
the E2 state, it was not possible to obtain crystals with Ca2+ ions bound which would allow
a direct determination of the position of the binding sites. It was proposed that in E2(TG)
the counterions H+ are bound and access to the luminal sites is already locked. Neverthe-
less, by comparison of both crystallized forms, Ca2E1 and E2(TG), it is possible to describe
a number of changes in the protein structure that are important for conclusions on func-
tional properties related to enzymatic and transport activity. [These differences are impres-
sively visualized as supplementary information to Toyoshima and Nomura (2002) on Na-
ture’s website (www.nature.com).] The three cytoplasmic domains, N, P, and A, which
form the enzymatic machinery, are wide open in the Ca2E1 form, and they are folded to-
gether to a much more compact assembly in the E2(TG) form (Fig. 1). This transition re-
quires movements of the N domain of about 50 
 and a rotation of the A domain of about
110�. The cytoplasmic domains move as a whole in a M10-to-M1 direction (Toyoshima
and Nomura 2002). The P and N domains themselves are not changed between both con-
formations.

Despite the previously often discussed concept that in the membrane domains no major
structural rearrangements are expected between different conformations of the pump, the
reported changes of position and tilt of the first six transmembrane helices are dramatic.
The transition between Ca2E1 and E2(TG) is rather complicated and includes partial un-
winding of a-helices, bending a part of an a-helix by almost 90� (M1), changing tilts (M2-
M5), ~90� rotations (M6), shifts towards the cytoplasmic side (M1, M2) or shifts in oppo-
site direction by 5 
, which is almost one turn of an a-helix (M3, M4). (For more details
see Toyoshima and Nomura 2002.) With respect to the cytoplasmic domains of the enzy-
matic machinery the interplay between these is obvious, and it is clearly possible to imag-
ine the concept that Ca2+ binding has to trigger enzyme phosphorylation, and that a relax-
ation of the phosphorylated form (and release of the nucleotide) subsequently disrupts the
ion binding sites as seen in the crystallized E2(TG) conformation. The almost perfect coor-
dination of both Ca2+ ions in E1 (Toyoshima et al. 2000) is abolished in E2(TG) by a shift
of M4 and a clockwise rotation of the three crucial residues on M6 out of site I (Toyoshi-
ma and Nomura 2002).

So far, the SR Ca-ATPase is the only P-type ATPase with such a detailed structural res-
olution. From other members of this family only images with a lower resolution of about
8 
 are available (Kàhlbrandt et al. 1998; Scarborough 1999; Hebert et al. 2000). A com-
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parison of such images with a similarly resolved SR Ca-ATPase structure (Zhang et al.
1998) indicates that they agree in most of the important structural details. Therefore, a
computer approach was used in which the conserved homology, especially in the ATP hy-
drolysis site of the P-type ATPases (Jørgensen et al. 2001), as well as other aligned con-
served segments, were mapped on the SR Ca-ATPase structure. Although the homology is
highest for the Na,K-ATPase, this procedure led to reasonable results also for other P-type
ATPases (Sweadner and Donnet 2001). Most insertions and deletions were predicted to be
at the protein surfaces, and the similarity proposes a shared folding of all tested P-type
ATPases, despite some particular exceptions.

Therefore, the structural features of the SR Ca-ATPase will be used in the following
paragraphs to represent the considerations of structure–function principles of P-type AT-
Pases.

Principles of transport functions

The eminent importance of the insights into structural details of the SR Ca-ATPase is
paired with a functional analysis, which is most elaborate for the Na,K-ATPase. The trans-
port mechanism found for this ion pump could be generalized for all P-type ATPases.
Since enzymatic and transport functions have to be coupled, the pump mechanism has to
be a complex process.

The analysis of the ion-transport process in P-type ATPases revealed that at least three
categories of reactions have to occur, performed sequentially in forward or backward di-
rection: (a) ion binding or release, (b) ion occlusion or deocclusion, and (c) transitions be-
tween both principal conformations in which the binding sites become accessible from the
cytoplasm (E1) or from the opposite aqueous compartment (E2). Taking these reactions
into account, a general reaction scheme can be constructed which has eight states in the
simplest case of a H-ATPase that transfers one H+ per hydrolyzed ATP (Fig. 2). If all tran-
sitions were allowed, such a protein would short-circuit the membrane for H+ ions in the
fashion of an ion carrier, and it would be able to dissipate the energy provided by ATP
hydrolysis without ion transport. Therefore, a number of transitions have to be inhibited
kinetically by the pump protein to perform active ion transport as indicated in Fig. 2 by
dashed lines (LÉuger 1991). Indeed, this reaction scheme was found to represent perfectly
the function of a P-type H-ATPase from Enterococcus hirae (Apell and Solioz 1990). The
transport of counterions, as found in most of the other P-type ATPases, can be constructed

Fig. 2 Reaction scheme for a P-
type H-ATPase. E1 and E2 are
the conformations of the protein
with ion-binding sites facing cy-
toplasm and extracellular medi-
um, respectively. Certain transi-
tions between neighboring states
of the protein must be kinetically
inhibited (dashed lines) to pro-
duce ATP-driven transport cycle
(solid lines) that pumps H+ ions
out of the cell
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from such a simple scheme by stacking a second, analogous reaction cube underneath the
one shown.

The Na,K-ATPase maintains the electrochemical potential gradient of Na+ and K+ ions
across cell membranes (LÉuger 1991; Apell 1997; Glitsch 2001; Jørgensen and Pedersen
2001). The ion transport is facilitated by coupling the energy-providing enzymatic process
with a Ping-Pong mechanism of ion translocation. This process is described by the so-
called Post–Albers cycle (Albers 1967; Post et al. 1972) which is in full agreement with
the general scheme of Fig. 2. A representation of the Na,K-ATPase pump cycle is shown
in Fig. 3. As can be seen from Fig. 3, the reaction sequence of ion binding, occlusion, con-
formation transition and ion release is performed for both transported ion species. In addi-
tion, coupling of the scalar enzymatic activity with the vectorial ion transport takes place
in the occlusion reactions: enzyme phosphorylation by ATP together with Na+ ion occlu-
sion, and enzyme dephosphorylation together with K+ ion occlusion. Under physiological
conditions (i.e., at ATP concentrations above 50 �M), an additional reaction step was
found: the so-called low-affinity ATP binding in state E2(K2). This reaction, E2(K2) +
ATP! E2(K2)·ATP, is not necessary to transport K+ ions; however, it speeds up the sub-
sequent conformation transition, E2(K2)·ATP ! K2E1·ATP, by a factor of ten (Simons
1974; Glynn 1985).

Respective “Post–Albers”-type pump cycles were also found for the SR Ca-ATPase (de
Meis 1985; Inesi and de Meis 1989), the Ca-ATPase of the plasma membrane (Schatz-
mann 1989), and the gastric H,K-ATPase (Faller et al. 1985; Helmich-de Jong et al. 1987;
Sachs et al. 1992).

Significant differences were observed with respect to the stoichiometry of various P-
type ATPases. For Na,K-ATPase, gastric H,K-ATPase and SR Ca-ATPase counter-trans-
port of ions was demonstrated. In the case of the Ca-ATPase, it was not so easy to verify
counter-transport since the SR membrane is very leaky for monovalent cations so that nei-
ther electric membrane potentials nor pH gradients can be monitored reliably across the
SR membrane. Only after reconstitution of the SR Ca-ATPase in proteoliposomes con-
vincing evidence was produced that it is a Ca,H-ATPase (Yu et al. 1993, 1994). For a
number of other ATPases, studies of the transport properties are not sufficiently advanced
to establish counter-transport or stoichiometry.

The three best investigated P-type ATPases showed different stoichiometries: 3 Na+/2
K+/1 ATP for the Na,K-ATPase, 2 H+/2 K+/1 ATP for the gastric H,K-ATPase, and 2

Fig. 3 Post–Albers cycle for the
Na,K-ATPase. E1 and E2 are con-
formations of the ion pump with
ion binding sites facing the cyto-
plasm and extracellular medium,
respectively. (Na3)E1-P, E2(K2)
and E2(K2)·ATP are occluded
states in which the ions bound
are unable to exchange with ei-
ther aqueous phases. Enzyme
phosphorylation and dephosphor-
ylation occurs on the cytoplasmic
side of the protein
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Ca2+/2 H+/1 ATP for the SR Ca-ATPase. From the amount of charges transported per cy-
cle, an important parameter is determined—the electrogenicity of the pump. It is defined
as the number of elementary charges moved out of the cytoplasm per molecule ATP hy-
drolyzed. From the numbers given above, the following electrogenicities are obtained: +2
(SR Ca-ATPase), +1 (Na,K-ATPase) and 0 (gastric H,K-ATPase). However, even when
no net charge is translocated across the membrane, as in the case of the H,K-ATPase, ions
are moved through the membrane (or protein) dielectric. Therefore, while proceeding
through each half cycle of the respective Post–Albers scheme, charge movements have to
occur. An important question is: which of the four steps of a half cycle, (a) ion binding,
(b) ion occlusion, (c) conformation transition, and (d) ion release to the opposite side, is
associated with a shift of charge(s) within the membrane dielectric, and how large is its
contribution to the total charge movement?

To quantify such charge movements we consider a potential-energy profile of an ion
along its transport pathway in different states of a half cycle (Fig. 4). For the sake of sim-
plicity, again an H-ATPase is chosen which transports one H+. The “dielectric” distance
(or “dielectric coefficient”) was introduced as a characteristic parameter to describe the
fraction of membrane dielectric over which the charge is shifted perpendicular to the plane
of the membrane (LÉuger 1991). If a dielectric coefficient is nonzero, the respective reac-
tion step in the Post–Albers scheme is termed “electrogenic.” In Fig. 4, for example, the
dielectric coefficient for cytoplasmic binding of a H+ ion would be a0. According to the
conservation principle, the conservation condition, a0+b0+b00+a00=1, has to be fulfilled for
the transfer of each ion across the whole membrane.

When the ion-binding sites are inside the membrane part of the protein, as was shown
for the SR Ca-ATPase (Toyoshima et al. 2000), for the access to these sites two different

Fig. 4 Profile of the potential en-
ergy of the proton along its path-
way in states HE1, (H)E1-P and
P-E2H. The high energy barriers
symbolize a virtually impenetra-
ble structure for an H+ ion. a0, b0,
b00 and a00 represent relative di-
electric distances which charac-
terize the fraction of the mem-
brane potential that has to be tra-
versed by ions between two
neighboring pump states. In the
occluded state, equilibration be-
tween binding site and aqueous
phase is blocked on both sides.
Nonzero values of the dielectric
distances correspond to an elec-
trogenic contribution. Dielectric
and spatial distances are not nec-
essarily the same
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limiting cases can be considered: The access may take the form of a wide, water-filled
funnel (or vestibule) or a narrow channel which even may require (partial) dehydration of
the ions or which may be selective for the transported ion species. The difference between
both cases is that in the case of a vestibule, water and all kinds of ions can enter so that the
electrical conductance is large, no electrical field can build up, and the drop of the trans-
membrane electric potential is negligible. In the other case, part of the transmembrane
electric potential will drop across the length of the channel and, therefore, generate a so-
called high-field access channel or “ion well” (Mitchell and Moyle 1974; LÉuger and
Apell 1986). Only in the latter case the movement of ions is electrogenic.

Detection of transport functions

Various experimental techniques were developed and applied to study and analyze trans-
port functions of P-type ATPases. The most comprehensive investigations were performed
with the Na,K-ATPase. Therefore, in the following paragraphs the various presented ex-
perimental techniques will mainly refer to publications on transport properties of this ion
pump.

Tracer flux studies

The counter-transport of Na+ and K+ allows detailed studies of ion movements in both di-
rections through the membrane. Since no K+ isotopes with convenient half-life times, t1/2,
are available, 86Rb was used instead. It has a t1/2 of 18.7 days, and Rb+ is a congener of K+

with similarly high binding affinity (Karlish et al. 1978; Beaug¹ and Glynn 1979; Glynn
and Richards 1982; Schneeberger and Apell 2001). Transport studies were performed in
compartmentalized preparations, such as erythrocytes (Sen and Post 1964; Karlish and
Glynn 1974; Sachs 1977; Beauge and Glynn 1978), inside-out vesicles of red blood cells
(Blostein 1979, 1983), and reconstituted proteoliposomes (Anner et al. 1977; Anner and
Moosmayer 1981; Karlish and Pick 1981; Karlish et al. 1982; Cornelius 1991). A rapid
filtration method for time-resolved measurements of isotope flux from membrane vesicles
was introduced by Forbush with a time resolution of about 30 ms (Forbush, III 1984a,
1984b, 1987). Isotope-flux experiments allow the determination of stoichiometries, ion oc-
clusion, and transmembrane movements. However, due to the limited time resolution, ki-
netical analyses are possible only for slow processes. In the case of the SR Ca-ATPase,
radioactive Ca isotopes were used to demonstrate sequential binding of the two Ca2+ ions
and transport in the so-called single-file mode (Inesi 1987).

Electrophysiological approaches

A second and by far wider approach to study transport functions and kinetics are electro-
physiological methods. In this field especially the Na,K-ATPase was scrutinized. The Ca-
ATPase in SR membranes cannot be measured by direct electric techniques since the
(leak) conductance of this membrane is high due to the permeability for monovalent ions.
The field of methodological approaches for the Na,K-ATPase reaches from investigation
of whole epithelia (Horisberger and Giebisch 1989) to squid axon (Rakowski et al. 1987),
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cardiac myocytes (Gadsby et al. 1985; Nakao and Gadsby 1986), Purkinje cells (Glitsch
and Tappe 1995) and giant membrane patches (Hilgemann 1994). Neurospora cells were
used to study a H-ATPase (Slayman and Sanders 1985). Injection of mRNA into oocytes
became a very successful technique, not only to investigate in a convenient way different
isoforms of the Na,K-ATPase, but also to study mutated pumps or chimera between Na,K-
ATPase and H,K-ATPase or SR Ca-ATPase (Lafaire and Schwarz 1985; Horisberger et al.
1991; Jaunin et al. 1993; Zhao et al. 1997; Mense et al. 2000). Additional access to the
Na,K-ATPase expressed in oocytes was obtained by the cut-open technique that allows in-
ternal perfusion of the oocytes in a simple way (Holmgren and Rakowski 1994). In such
cellular membrane systems both sides of the membrane are accessible separately and be-
sides transmembrane pump currents, the current-voltage dependencies of the ion pumps
can be determined. These so-called I-V curves provide important information on the pump
mechanism (LÉuger and Apell 1988; LÉuger 1991; de Weer et al. 2000). In experiments
with native membranes, a prominent problem is the presence of various other ion-transport
systems, such as ion channels and ion carriers, which may produce electric currents larger
than that from ion pumps. Therefore, the other ion-transport proteins have to be blocked
by inhibiting agents, and the residual currents have to be measured in the absence and
presence of specific pump inhibitors. The difference of the currents in the absence and
presence of the inhibitor represents the pump-specific ion transport. Certain cardiac glyco-
sides are appropriate inhibitors for those experiments in the case of the Na,K-ATPase (Le-
derer and Nelson 1984; Gadsby 1984).

To overcome the difficulties of native membranes, a supplementary approach was cho-
sen in which purified membrane preparations were used so that the only remaining trans-
port protein was the Na,K-ATPase (Jørgensen 1974). Since the resulting membranes are
no longer vesicular but flat membrane patches which have sizes in the order of 1 �m diam-
eter or less (although they have densities of up to 7,000 pump molecules per �m2), their
transport properties cannot be measured directly with electrodes on both sides of the mem-
brane. However, they became accessible to electric studies on the basis of a proposal by
Peter LÉuger who suggested adsorbing the Na,K-ATPase-containing membranes onto
black lipid membranes (BLM) and triggering the pump action with an ATP-concentration
jump by release of ATP from its inactive precursor, caged ATP (Fendler et al. 1985; Bor-
linghaus et al. 1987; Apell et al. 1987; Fendler et al. 1988, 1993; Sokolov et al. 1998).
This method was also applied in studies of the SR Ca-ATPase (Hartung et al. 1987) and of
the gastric H,K-ATPase (Fendler et al. 1988). A more recent development in this tech-
nique is the use of so-called solid-supported membranes, which are much more stable than
BLM and which allow an easy exchange of the buffer composition (Seifert et al. 1993;
Pintschovius and Fendler 1999; Domaszewicz and Apell 1999).

Reconstitution of Na,K-ATPase in BLMs turned out to be tricky since the ions pumps
tend to denature and to form ion-channel-like structures during this procedure (Reinhardt
et al. 1984). The results with incorporated, active ion pumps were not easily reproducible
and generated rather small currents under turnover conditions (Eisenrauch et al. 1991).
Similar small currents (<30 fA) were reported for reconstituted SR Ca-ATPase (Eisen-
rauch and Bamberg 1990; Nishie et al. 1990).

Measurements of the electric current through the Na,K-ATPase can be combined with
tracer flux experiments to analyze transport stoichiometry in squid axon (de Weer et al.
1988, 2001) and in oocytes (Schwarz and Gu 1988; Rakowski 1989).
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Fluorescence methods

Over the past two decades fluorescence methods were advanced to gain detailed informa-
tion on structural changes and transport properties of P-type ATPases. Intrinsic tryptophan
fluorescence (Karlish and Yates 1978; Boldyrev et al. 1983; Demchenko et al. 1993; Møl-
ler et al. 1996; Ferreira and Coelho-Sampaio 1996) as well as the fluorescence of covalent-
ly bound labels or of membrane soluble dyes (“extrinsic fluorescence”) can be used to de-
tect function-dependent responses of the proteins.

The first set of applied labels were fluoresceine derivatives which could be bound cova-
lently to specific amino acids and which reported conformational changes. Fluorescein-5-
isothiocyanate (FITC) binds to Lys-501 within the ATP-binding site and thus prevents
ATP binding and enzyme phosphorylation by ATP (Hegyvary and Post 1971; Sen et al.
1981; Farley and Faller 1985). However, FITC responds with a significant fluorescence
change to the conformation transition between E1 and E2 (Rephaeli et al. 1986; Karlish
1988). Recently it was demonstrated that FITC also reports binding of the third Na+ ion to
the Na,K-ATPase (Schneeberger and Apell 1999). Due to the high conservation of the
ATP-binding site in the P-type ATPases, FITC binding could be performed successfully
also with SR Ca-ATPase (Kirley et al. 1985; Seidler et al. 1989) and with gastric H,K-
ATPase (Asano et al. 1989; Faller et al. 1991).

The second fluoresceine derivative that detects conformation transitions of the Na,K-
ATPase is 5-iodoacetamidofluorescein (5-IAF) (Kapakos and Steinberg 1982, 1986). This
label binds to Cys-457 (Tyson et al. 1989), well away from the ATP binding site, so that
the protein can be phosphorylated by ATP and is able to perform its complete pump cycle,
a clear advantage over the FITC label. However, for the a1 isoforms of the Na,K-ATPase
from various animals, the substrate-induced fluorescence changes of 5-IAF showed signif-
icant differences: no responses were found in pig enzyme, intermediate responses in rabbit
enzyme, and maximal responses in dog enzyme (Steinberg and Karlish 1989; Stàrmer et
al. 1989). The underlying mechanism of these fluoresceine labels is that of a pH indicator
which responds to small pH changes in the local environment of the label. In Fig. 5, pH
titrations of the 5-IAF fluorescence intensity are shown for three different states of labeled
rabbit kidney Na,K-ATPase. It can be seen that changes of the protein conformation, in-
duced by additions of substrates such as Na+, ATP, and K+, shift the titration curves, prob-
ably due to small variations of the protein-surface shape near the attached fluorescent label

Fig. 5 pH and conformation de-
pendence of the 5-IAF label co-
valently linked to rabbit a1
Na,K-ATPase. The conforma-
tion-dependent shift of the titra-
tion curve fitted through the ex-
perimental data indicates that the
local pH in the environment of
the label is modified by rear-
rangements of amino-acid side
chains. The respective pK values
of the curves are 6.55 (Na3E1),
6.7 (E1) and 6.8 (E2(K2)). The
conformation-induced shift ex-
plains the fluorescence changes
when the detection is performed
at constant bulk pH
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and, in consequence, charged amino-acid side chains affect the local ion concentration on
the protein surface (by a Guy-Chapman effect) and, consequently, also the local pH. When
the bulk pH is buffered, as it was in the experiments performed to study the pump action,
the fluorescence intensity is modulated with protein-conformation changes.

Further fluorescent labels applied to monitor conformational changes are eosin (Skou
and Esmann 1981, 1983; Lin et al. 1997) and erythrosin 50-isothiocyanate (Linnertz et al.
1998a, 1998b). Various fluorescent labels which can be bound simultaneously at different
locations of the pump protein can also be used to determine distances between selected
domains by the FÛrster resonance energy transfer mechanism (Linnertz et al. 1998b).

Fluorescent probes were also used to detect ion transport by P-type ATPases. In such
studies, ion pumps are reconstituted in lipid vesicles, in which the inside-out oriented AT-
Pases can be activated by addition of ATP, and transport activity is monitored by a fluo-
rescence response to the generated electric membrane potential due to the electrogenicity
of the ion pump. For a quantitative analysis, inhomogeneities of the vesicles in diameter
and number of active pump molecules have to be taken into account (Apell and LÉuger
1986). Appropriate dyes are 1,3,3,10,30,30-hexamethylindodicarbocyanine (NK529; Apell
et al. 1985), oxonol VI (Apell and Bersch 1987) and the carbocyanine dye DiS-C3-(5)
(Goldshlegger et al. 1987). These dyes redistribute between aqueous phase and membrane
as a function of the membrane potential across the membrane. Therefore, their time reso-
lution is limited by the redistribution process. Typical time constants are on the order of
300 ms (Clarke and Apell 1989). With these assays, numerous transport properties could
be determined for the Na,K-ATPase (Cornelius 1989; Clarke et al. 1989b, Goldshleger et
al. 1990; Apell et al. 1990), for the SR Ca-ATPase (Cornelius and Møller 1991; Yu et al.
1993, 1994), and for a H-ATPase from Enterococcus hirae (Apell and Solioz 1990). The
H,K-ATPase cannot be studied with such an approach due to its overall electroneutrality.

Styryl dyes, such as RH160, RH237, and RH421, were used since 1988 to trace pump
activity of the Na,K-ATPase (Klodos and Forbush, III 1988; Bàhler et al. 1991). These
dyes, and others of this family, are hydrophobic compounds of amphiphilic character,
which insert into lipid membranes in an aligned manner (Pedersen et al. 2001). Due to
their electrochromic mechanism, they detect changes of local electric fields in the mem-
brane dielectric (Loew et al. 1979; Fluhler et al. 1985) and, therefore, report charge move-
ments in membrane preparations in which ion pumps are present in a sufficiently high den-
sity (>103/�m2; Pedersen et al. 2001). Styryl dyes are so-called fast dyes since their re-
sponse times are in a submicrosecond range. They can be applied to membrane vesicles or
to open membranes, such as purified microsomal preparations of the Na,K-ATPase, so that
a transmembrane ion transport is not detected but movements of ions into the membrane
domains of the ion pumps or their release into the aqueous phase are detected (Stàrmer et
al. 1991). (RH421 can also be used to follow the transmembrane potential generated by
Na,K-ATPase action; however, typical fluorescence changes were 15% per 100 mV trans-
membrane potential, while oxonol VI showed about 100% change in the same experi-
ment.) With respect to the Na,K-ATPase, a variety of styryl dyes were tested which pro-
duced differently large responses for the electrogenic partial reactions (Bàhler et al. 1991;
Fedosova et al. 1995; Pedersen et al. 2001). With this method, a wide spectrum of partial
reactions of the Na,K-ATPase was studied and analyzed which resulted in an advanced
understanding of ion binding affinities (Stàrmer et al. 1991; Bàhler and Apell 1995;
Schneeberger and Apell 1999, 2001), rate constants of single reaction steps (Pratap and
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Robinson 1993; Heyse et al. 1994; Visser et al. 1995; Clarke et al. 1998; Humphrey et al.
2002) and the energetics of the pump cycle (Apell 1997).

Styryl dyes were also used to investigate an H-ATPase from Neurospora (Nagel et al.
1991), the SR Ca-ATPase (Butscher et al. 1999; Peinelt and Apell 2002), and recently the
possibility of a comparable application with the gastric H,K-ATPase was demonstrated
(Diller et al. 2003).

Inhibitors

All P-type ATPases may be functionally blocked by inhibitors. A common inhibitor of all
P-type ATPases is ortho-vanadate, which binds with significantly higher affinity than
phosphate to the phosphorylation site (Cantley et al. 1977; Stankiewicz et al. 1995) and
blocks the pumps in their occluded E2 state. Specific inhibitors for the different ATPases
are widely used to discriminate the activity of a single pump species or to “freeze” the
protein in a defined conformation.

The Na,K-ATPase has been known for half a century to be inhibited by cardiac glyco-
sides (Schatzmann 1953), a whole family of compounds of which ouabain is the most well
known (Glynn 1985). Cardiac glycosides block the Na,K-ATPase from the outside of the
membrane.

In the case of the gastric H,K-ATPase, a well-known inhibitor is the compound
SCH28080, which also inactivates from the outside of the cell by blocking the access of
the binding sides for K+ ions (Keeling et al. 1988; Vagin et al. 2002).

The most frequently used inhibitor of the SR Ca-ATPase is tharpsigargin (Lytton et al.
1991; Inesi and Sagara 1992). It blocks the protein in its E2 conformation and the interac-
tion between inhibitor and protein is known in detail since it could be resolved in the crys-
tal structure of the protein-inhibitor complex (Toyoshima and Nomura 2002).

Detailed ion-transport mechanism

The methods introduced above were used during the last two decades to resolve the pump
mechanisms of a number of P-type ATPases. The three ion pumps for which detailed in-
formation is available will be discussed in the following paragraphs. Since the number of
publications that contain contributions to the mechanism is so large, in the following para-
graphs, references will be provided mainly to recent review-type articles, which allow ac-
cess to the abundance of data, and to a few articles which contain important new insights.

Na,K-ATPase

The Na,K-ATPase is a crucial transport protein of all animal cells which maintains the
electro-chemical potentials for Na+ and K+ ions across the cytoplasmic membrane at the
expense of ATP hydrolysis. The K+ concentration gradient controls mainly the electric
membrane potential, which is reflected by the fact that the electrochemical gradient for K+

is close to its thermodynamical equilibrium. In contrast, the electrochemical potential for
Na+ is kept far away from its equilibrium and is, therefore, an energy source for many
transmembrane processes, such as the initial part of the action potentials in excitable cells
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and secondary active transport proteins which couple uphill transport of sugars, amino ac-
ids, or Ca2+ ions to the downhill movement of Na+. (For a review see LÉuger 1991.)

Recent synopses on the investigation of ion transport by the Na,K-ATPase can be found
in several reviews (de Weer et al. 2000; Pavlov and Sokolov 2000; Apell and Karlish
2001). As can be seen from the Post–Albers scheme in Fig. 3, the ion transport can be split
into a sequence of outward Na+ transport followed sequentially by an inward K+ transport.
Both branches were analyzed in great detail.

Forward Na+ transport, E1 + 3 Na+
cyt ! E2-P + 3 Na+

ext, requires ATP, and ATP hy-
drolysis occurs only with 3 Na+ bound to the protein. Even if only Na+ ions are present on
the cytoplasmic side of the pump, virtually no transition into a state E2(Na2) has been
found, in contrast to other congener cations (K+, Rb+, Cs+, NH4

+, Tl+), which antagonize
Na+ binding and cause a conformational change into the occluded E2 state after two ions
have bound. The virtual absence of the state E2(Na2) is in agreement with the observation
that binding of the third Na+ ion occurs with a higher affinity than binding of the second,
and stabilizes the protein in the Na3E1 state. This can be understood only by assuming that
the third Na binding site becomes available after two Na+ ions have already bound
(Schneeberger and Apell 2001). Binding of the first two Na+ ions was found to be appar-
ently electroneutral (like binding of 2 K+ ions or their congeners); binding of the third Na+

ion is electrogenic with a dielectric coefficient of 0.25 (Domaszewicz and Apell 1999).
The time resolution of the techniques available to study cytoplasmic Na+ binding is not
yet high enough to determine the rate constant of these reaction steps; only equilibrium
dissociation constants could be obtained. Occupation of the third, highly selective Na+

binding site, which is also formed by transmembrane parts of the Na,K-ATPase, is strictly
correlated with a detectable effect on the fluorescent FITC-labeled enzyme. This is inter-
preted as an Na+-induced structural transition in the nucleotide binding site, probably a
transition state between the “open” configuration of the N, P, and A domains of the cyto-
plasmic part of the protein to a more compact or “closed” one as observed in the E2 con-
formation, as can be seen in Fig. 1 (Toyoshima and Nomura 2002). This transition in-
cludes a movement of bound ATP into a position where its g phosphate becomes able to
coordinate with Asp-371, the phosphorylation site. Thus, binding of the third Na+ ion en-
ables the enzyme to become phosphorylated, and this “trigger” ensures that no ATP is
wasted unless three Na+ ions are bound inside the pump. The subsequent phosphorylation
of the enzyme is correlated with an occlusion of the three Na+ ions, Na3E1·ATP !
(Na3)E1-P + ADP. This process is electroneutral, i.e., no net charge movement within the
membrane domain could be detected (Borlinghaus et al. 1987). Therefore, the rate con-
stants of this step could be determined only indirectly. Assuming that the enzymatic and
transport-coupled reaction are tightly correlated, the rate constants of enzyme phosphory-
lation, obtained by experiments with radioactive ATP, can be accepted as reference value.
The phosphorylation-induced occluded state, (Na3)E1-P, is only transient; it cannot be sta-
bilized (unless the protein is treated by oligomycin).

When phosphorylated by ATP, the enzyme performs a conformational transition into
its E2-P states, in which the bound Na+ ions are successively deoccluded and released. The
voltage sensitivity of this partial reaction was demonstrated with internally perfused squid
giant axons and the major component of charge movement was assigned to the Na+ release
(or binding) steps (Gadsby et al. 1993). While the conformational relaxation is of minor
electrogenicity, the release of the first Na+ to the extracellular aqueous phase is the domi-
nant charge-carrying step. It was found that this ion moves through 65%–70% of the pro-
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tein dielectric (Wuddel and Apell 1995). This may be explained by a narrow and deep ac-
cess channel or “ion well” between the binding site in the protein and the aqueous outside
of the protein. The release of the first Na+ is followed by another conformational relax-
ation, which brings the remaining two Na+ ions “electrically” closer to the extracellular
aqueous phase because their release in the next reaction steps contributes with dielectric
coefficients of 0.1–0.2 only. As shown in Fig. 6, the kinetics of deocclusion/release reac-
tions has been analyzed recently and was found to occur with increasing rate constants
from the first ion (%1000 s-1) to the third (^106 s-1; Holmgren et al. 2000). The reduced
electrogenicity of the second and third Na+-release step is matched by corresponding di-
electric coefficients of K+ binding (Rakowski et al. 1990), which are the reaction steps fol-
lowing under physiological conditions. Thus, the ion release process may be explained by
assuming that the first Na+ ion moves through a narrow and long access channel while the
next two Na+ ions released face a shallow channel. At least two different mechanisms
could explain the transformation from a “deep” to “shallow” ion-well after release of the
first Na+ ion: (a) In a major structural rearrangement of the protein, the narrow ion well
widens to become a large vestibule, which then is filled by electrolyte so that the electric-
potential surface will come close to the binding sites, or (b) small rearrangements of the a
helices allow water molecules to penetrate into the protein matrix from the outside and
thus increase the dielectric constant in between binding sites and aqueous phase signifi-
cantly. This process would also deform the shape of the electric potential within the pro-
tein. The latter mechanism would also enable an immediate rehydration of the ions when
they are released from their sites without having to migrate as unscreened charges through
protein matter whose polarization would be rather energy consuming.

There is convincing experimental evidence that K+ transport is electroneutral, i.e., that
no net charge is moved within the protein between states E2-P(K2) and E1 (Goldshlegger
et al. 1987; Rakowski et al. 1990; Domaszewicz and Apell 1999). However, under physio-
logical conditions, the extracellular K+ concentration is far above the half-saturating con-
centration of the ion sites so that an electrogenic K+ binding would be hidden in experi-

Fig. 6 Electric current caused by extracellular release of Na+ from the Na,K-ATPase in the membrane of a
giant squid axon. The charge movement was elicited by a 500 �s-step from 0 to `110 mV (Holmgren et al.
2000). From such data the presence of three time constants in the range of <30 �s, 250 �s and >4 ms can be
derived by fitting with three exponential functions. These processes reflect the Na+ movements through
their "access channel" and intermediate relaxations of the protein structure that deoccluded the binding
sites. (From Holmgren at al. 2000, with kind permission)
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ments under this condition (LÉuger and Apell 1988). Detailed studies of extracellular K+

binding steps proved indeed its electrogenicity (Rakowski et al. 1990; Bielen et al. 1991;
Bàhler and Apell 1995; Peluffo and Berlin 1997).

The partial reaction between E2-P(K2) and E1 can be investigated in the so-called K+/
K+ exchange mode, in the presence of K+, with or without Mg2+ and with inorganic phos-
phate, Pi. The experimental findings were explained under the assumptions that (a) the
positive charges of the two ions are counter-balanced by two negative charges of the pro-
tein, (b) the binding sites in state E2-P are located inside the protein and are accessible
through an ion well, and that (c) in the E1 conformation binding of K+ (or its congeners
Li+, Rb+, Cs+, Tl+, and NH4

+) is electroneutral, i.e., the binding sites are not buried inside
the protein (Goldshlegger et al. 1987; Wuddel and Apell 1995; Domaszewicz and Apell
1999).

As will be shown below, in the case of the SR Ca-ATPase and the gastric H,K-ATPase,
all ion binding and release steps are electrogenic, an observation which is in agreement
with a position of Ca2+ ions in the E1 conformation of the SR Ca-ATPase inside the mem-
brane-spanning parts of the protein (Toyoshima et al. 2000; Toyoshima and Nomura
2002). Therefore, the generally agreed structural similarity of Na,K-ATPase and SR Ca-
ATPase (Sweadner and Donnet 2001; Toyoshima and Nomura 2002) argues that ion bind-
ing to the Na,K-ATPase ought to be electrogenic, not only in the P-E2 form, as it was pro-
ven, but also in E1. However, K+ binding in E1 was found to be electroneutral, and only
binding of the third Na+ ion appeared to be electrogenic (Domaszewicz and Apell 1999;
Schneeberger and Apell 2001). This discrepancy may have two possible explanations: (a)
the position of the ion binding sites in the Na,K-ATPase is significantly different from that
in the SR Ca-ATPase and H,K-ATPase, or (b) the electrogenicity of the binding and re-
lease steps in E1 is obscured by simultaneous counter-movement of H+ ions. A hint point-
ing to the second proposal was found in the fact that in the absence of K+ and Na+ it is
possible to phosphorylate the enzyme by Pi and that the apparent rates of this pathway are
pH-dependent. From the analysis of the kinetics it was concluded that the transition E2-P
! E1 occurs with two H+ ions bound and the transitions with empty binding sites is either
extremely slow or absent (Apell et al. 1996). Recently acquired evidence shows that the
missing electrogenicity of K+ release and binding of the first two Na+ in state E1 can be
explained by an obscuring counter-movement of H+ ions (Apell and Diller 2002). The ob-
vious ability of the two “non-Na+ specific” binding sites to bind two H+ ions in E1 with an
apparent pK that is higher than the cytoplasmic pH under physiological conditions can ex-
plain the apparently electroneutral Na+ and K+ binding or release. These ion-exchange pro-
cesses result in apparently electroneutral release and binding steps, and maintain, besides
a closely related structural relationship, also a mechanistic agreement between Na,K-AT-
Pase, gastric H,K-ATPase, and SR Ca-ATPase.

Therefore, the biochemically based Post–Albers scheme of the Na,K-ATPase can be
expanded as shown in Fig. 7 to explain the transport cycle in greater details. The main dif-
ference to the previously proposed pumping mechanism (Apell and Karlish 2001) consists
of the placement of all binding sites, as in the case of the SR Ca-ATPase, inside the mem-
brane domains of the protein. Under physiological conditions in conformation E1 the two
binding sites, which are able to bind all kinds of monovalent cations, are always occupied,
if not by Na+ or K+ ions then by H+ (Apell and Diller 2002). After two Na+ ions are bound,
the coordination of these ions is assumed to induce a minor conformational rearrangement
in the membrane domain, providing access to the third, high-affinity, and Na+-selective
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site (Schneeberger and Apell 2001) that does bind an Na+ (at least under physiological
conditions). This step may be accompanied by a so-called preocclusion of the first two
Na+ ions bound, prohibiting their exchange with the aqueous phase. Binding of the third
Na+ to its site about 25% inside the membrane domain is thought to require an additional
adaptation of the transmembrane helices to coordinate the ion. This process will affect the
N and/or P domain leading to enzyme phosphorylation and the conformation transition
into state P-E2Na3. As in the case of the Ca-ATPase, it can be expected that this major
transition E1 ! E2 moves the a-helices of the membrane domain and distorts the coordi-
nation of the Na+ ions in their sites so that the binding affinities decrease by 2–3 orders of
magnitude (Wuddel and Apell 1995). This transition shows only a minor electrogenic
charge movement within the membrane domain. Due to the small amplitude of this effect,
so far it has not been resolved which charges are moved.

Because of the high dielectric coefficient (0.65–0.7), the first Na+ ion released to the
extracellular aqueous phase is assumed to be the ion bound last in E1. After its removal, a
further structural relaxation is proposed (Hilgemann 1994) which allows the remaining
two ions to migrate to the aqueous phase with a significantly smaller dielectric coefficient
when compared with the first Na+ ion. An intrusion of a number of water molecules would

Fig. 7 Refined mechanistic model of the ion transport through the Na,K-ATPase on the basis of the Post–
Albers cycle, structural constraints from the Ca-ATPase, and the analysis of charge movements during the
transport process. Those reaction steps marked with Greek letters indicate the electrogenic processes that
were detected under physiological conditions. The corresponding dielectric coefficients are a=0.25, b<0.1,
d0=0.65, d1=d2=0.1–0.2. The apparent electroneutrality (at pH 7) of K+ release and binding of the first two
Na+ ions on the cytoplasmic side is caused by a counter movement of two H+ ions
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be sufficient to increase the local dielectric constant sufficiently to account for the reduc-
tion in electrogenicity (Wuddel and Apell 1995).

In the P-E2 state the pK of the binding moieties is significantly lower than in E1 so that
under physiological pH no protonation occurs (Apell and Diller 2002). However, the affin-
ity for K+ ions is so high in the relaxed P-E2 state that subsequent K+ binding occurs spon-
taneously and fast in an electrogenic manner (Rakowski et al. 1990). Subsequently, occlu-
sion of the K+ ions due to enzyme dephosphorylation and the conformation transition back
into E1 (with or without ATP in the low-affinity binding site) occur without detectable
electrogenicity. The requirement of two negative counter charges in the binding sites to
account for the electroneutrality loses weight when the sites remain inside the membrane
domain and are no longer shifted close to the cytoplasmic surface, as was required in the
previous functional model. On the basis of the Ca-ATPase structure, the primary role of
charged amino acids will be creation of an energetically favorable coordination of the de-
hydrated ion, i.e., of the structure named binding site(s). In E1 the K+ ions are able to ex-
change freely with the aqueous cytoplasm and charged amino acids in the binding sites are
immediately compensated by two H+ ions so that a K+ release without electrogenic contri-
butions is mimicked.

In summary, the ion-transport mechanism is in agreement with an alternate access mod-
el in which the binding sites remain at (almost) the same location and the protein move-
ments open and close the access to these sites alternately on both sides (LÉuger 1984).

SR Ca-ATPase

The purpose of the Ca-ATPase of the sarcoplasmatic reticulum is to promote muscle relax-
ation by pumping Ca2+ ions back into the lumen of the reticulum. In this action the protein
is able to build up a 104-fold concentration gradient across the membrane. With respect to
the known stoichiometry of 2 Ca2+ ions transported per ATP hydrolyzed, this process is
energetically possible only by the fact that no electric potential is generated across the SR
membrane. This is made secure in part by counter-transport of 2 H+ but mainly by a high
leak conductance of the membrane for ions other than Ca2+.

As pointed out recently, the snapshots of the SR Ca-ATPase structure in its two basic
conformations are a major step in the understanding of pump dynamics of P-type ATPases
(Green and MacLennan 2002). Unfortunately, a direct analysis of the transport functions
of this ion pump is almost impossible. Due to the mentioned leak conductance of the SR
membrane, it is electrically short-circuited, and only processes with time constants short
against the RC time of the SR-vesicle membrane may be detected. Therefore, it was diffi-
cult to determine the existence of H+ counter-transport by the pump (Madeira 1978; Chiesi
and Inesi 1980), and only after reconstitution of the Ca-ATPase in lipid vesicles (Cornelius
and Møller 1991) a proof of counter-transport and of electrogenicity was provided (Yu et
al. 1993, 1994). The application of three different fluorescent dyes to detect membrane po-
tential as well as luminal pH and Ca2+ concentration demonstrated a stoichiometry of
2Ca2+/2H+/1ATP (Fig. 8). To resolve the electrogenicity of the different reaction steps of
the pump cycle, experiments had to be performed with a styryl dye, 2BITC, which showed
that Ca2+ and H+ binding and release were accompanied by significant charge movements
in the membrane domain (Butscher et al. 1999; Peinelt and Apell 2002). These findings
meet the requirements of the position of the ion binding sites of the Ca-ATPase as predict-
ed by the crystal structure of the protein. Kinetical studies of partial reactions in the pump
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cycle were already performed by analysis of the enzymatic properties many years ago
(Andersen and Vilsen 1988; Inesi and de Meis 1989; Inesi et al. 1992). Due to the high
leak conductance of the SR membrane, time-resolved measurements are scarce. Studies
with radioisotopes and/or quenched flow provided some insight into rate constants for sin-
gle reaction steps (Froehlich and Heller 1985; Orlowski and Champeil 1991), and capaci-
tive coupling of SR membrane vesicles to a planar lipid bilayer provided some information
on the rate-limiting reaction steps in the Ca2+ and H+ transfer (Hartung et al. 1997). A sys-
tematic analysis of the kinetical properties beyond early estimations (Inesi and de Meis
1989) is not available so far. Recently, it was shown that the application of styryl dyes
may be used similarly successfully to study the time-resolved kinetical behavior of SR Ca-
ATPase (Peinelt and Apell 2003). So far, all experimental findings are in agreement with
a Post–Albers cycle equivalent to that of the Na,K-ATPase (Fig. 3), in which 3 Na+ ions
are to be replaced by 2 Ca2+ and 2 K+ ions by 2 H+.

Gastric H,K-ATPase

The gastric H,K-ATPase is enriched in the parietal cells of the gastric glands of the stom-
ach which perform secretion of hydrochloric acid upon hormonal stimulation. The active
part in this process is H+ extrusion from the cytoplasm while, by opening of passive Cl–

and K+ pathways, both ion species are released, and K+ is reabsorbed in exchange for the
H+ so that eventually HCl is concentrated up to pH 1–1.5 in the stomach.

The reaction cycle of this P-type pump is also well reproduced by the Post–Albers cy-
cle shown in Fig. 3, in which the Na+-dependent half-cycle has to be replaced by an H+-
transporting part (with 2 H+ ions per ATP hydrolyzed). Like in the case of the Na,K-AT-

Fig. 8 ATP-dependent Ca2+ uptake, H+ counter transport, and development of transmembrane electrical po-
tential at low temperature. (From Yu et al. 1994, with kind permission). SR Ca-ATPase was reconstituted
in lipid vesicles. ATP-induced pump activity was detected with fluorescence dyes: The time course of the
membrane potential was detected with oxonol VI, the luminal pH with pyranine, and the luminal Ca2+ con-
centration with arsenazo III. The stoichiometric parallelism of Ca2+ uptake and H+ extrusion is obvious and
the voltage increase at low transmembrane electric potentials (when leakage effects are small) is also in
agreement with estimations from the amounts of ions transferred
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Pase, the two principal enzyme conformations could be identified (Helmich-de Jong et al.
1987), and the stoichiometry was found to be 2 H+/2 K+/1 ATP (Faller et al. 1982). The
resulting overall electroneutrality leads to experimental difficulties in the performance of
detailed studies of the ion transport by the H,K-ATPase. The fact that in each half-cycle of
the pumping scheme two monovalent cations traverse the membrane has to result in a de-
tectable electrogenic contribution when H+ or K+ transport are investigated separately.
Fig. 9 shows a unambiguous proof that the ATP-induced H+ transfer, H2E1 + ATP! ...!
P-E2 + 2 H+

lum + ADP, is accompanied by charge movement (van der Hijden et al. 1990).
In these experiments, ATPase-containing vesicles prepared from pig stomach were capaci-
tively coupled to a planar bilayer membrane, and enzyme phosphorylation was triggered
by a flash-induced release of ATP from caged ATP. Corresponding experiments for the
K+ transporting branch of the pump cycle were not possible. Detailed time-resolved kinet-
ical analyses beyond these data of van der Hijden and collaborators are still scarce (Sten-
gelin et al. 1993).

In recent experiments, in which the styryl dye RH421 was applied to detect charge
movements, the ion-binding sites were titrated with H+ and K+ ions in both principal con-
formations. In these experiments it could be shown that all binding and release steps are
electrogenic, while enzyme phosphorylation by ATP produced no significant charge
movement within the protein (Diller et al. 2003).

Energetic properties

Important for the understanding of the ion transport in ion pumps are, besides structural
knowledge and kinetical properties, considerations on the energetics of transport. The
knowledge of the “costs” in terms of free-enthalpy changes of the various reaction steps

Fig. 9a, b ATP-induced H+ current through gastric H,K-ATPase in membrane vesicles isolated from pig
stomach. (From van der Hijden et al. 1990). a Buffer contains, besides H+ ions (pH 6), no other monovalent
cations. The arrows indicate the time when light was switched on to release ~10 �M ATP from caged ATP.
The concentration jump triggered the partial reaction H2E1 + ATP! P-E2 + 2 H+ + ADP. The positive cur-
rent transient represents an inward-oriented flux of positive charge. b Inhibition of the pump by 200 �M
vanadate abolished—as expected—any electric current transient upon ATP release from caged ATP
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around the pump cycle provides at least clues to underlying processes which affect the
protein structure and which facilitate the observed pump action.

Free energy levels

T.L. Hill showed that energy transduction in molecular machines like P-type ATPase is
not the result of a single reaction step but of the cycle as a whole (Hill 1977, 1989). It is
an interesting question, however, to what extent single reaction steps contribute to storage
and consumption of the system’s free energy. To gain access to such information, energy
levels must be introduced for all the states of the pumping cycle which are long-lived
states on the time scale of molecular motions and which are in equilibrium with respect to
movements of the peptide backbone or amino acid side chains. Accordingly, the states can
be treated as chemical species with a well-defined chemical potential which were intro-
duced for those defined states of the ion pumps as “basic free energy levels” (Hill 1977).
As has been shown earlier, the differences of free energy between two consecutive states
can be determined from the forward and backward rate constants of the transition, or the
corresponding equilibrium constant (LÉuger 1991).

Analyses of free basic energy levels have been performed for ion pumps on a general
level (LÉuger 1984), for the SR Ca-ATPase on the basis of a less elaborate data base
(Walz and Caplan 1988), and also for the Na,K-ATPase in great detail (Stein 1990; Apell
1997). Free basic energy calculations can be performed for all states around the Post–Al-
bers cycle. Placing state E1ATP (cf. Fig. 3) as initial level arbitrarily to zero, the sequence
of states around the pumping cycle in the physiological mode led to a lower level after a
cycle is completed (Fig. 10). For the sake of simplicity, the free energy gained by binding
of ATP (in step E2(K2)! E2(K2)ATP) is not implemented in this figure. If the energy dif-
ference between two successive states is near zero, the distribution between both states is
close to its thermodynamic equilibrium. If the energy difference is negative, the reaction
runs “downhill,” i.e., it is dissipating energy; a positive energy difference indicates energy

Fig. 10 Free energy levels of the individual states in the Na,K-ATPase pump cycle (Fig. 3). The energy
levels were calculated according to LÉuger (1991) on the basis of the kinetical parameters of Apell (1997).
All levels refer to state E1·ATP as reference state
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storage, either in the protein conformation or in the electrochemical potential difference
between bulk phase and binding site(s) for the involved ion species.

Of special functional importance in the diagram shown in Fig. 10 is the free-energy de-
crease by enzyme phosphorylation and the subsequent conformational change, Na3E1·ATP
! (Na3)E1-P ! P-E2(Na3), which effectively drains the states which bind Na+ ions from
the cytoplasm, thus producing dynamically the observed higher apparent affinity for Na+

than for K+ ions in state E1, despite the values determined by steady-state titration experi-
ments (Schneeberger and Apell 2001). Other significant “downhill” reaction steps are ex-
tracellular K+ binding, P-E2 ! P-E2K2, and ATP binding, E2(K2) ! ATP·E2(K2). In both
cases the decrease of free energy is caused by ligand concentrations far above their affini-
ties (which are ~0.1 mM for K+ and 8 mM for ATP). A reduction of ligand concentrations
would diminish the step size. This is true also in the most prominent “uphill” reaction, the
K+ release step in partial reaction K2E1·ATP! E1·ATP, in which the ions face a high cy-
toplasmic concentration of 150 mM from binding sites which have an affinity on the order
of 0.1 mM. However, under turnover conditions K+ release is not rate limiting because of
the high rate constants of all ion release and binding steps in the reaction sequence
K2E1·ATP! ...! Na3E1·ATP so that it may be assumed to be in a dynamic equilibrium.

The effect of the actual ion concentrations on the energetics is extremely high in the
case of the SR Ca-ATPase. In a contracted muscle, the ratio of the Ca2+ concentrations
across the SR membrane is in the order of 50; in the relaxed muscle it is in the order of
30,000. When the free energy of transport is calculated under these conditions according
to:

DGtransp ¼D~mCa ¼ 2RT ln
Caþ½ �lum

Caþ½ �cyt
ð1Þ

one obtains ~20 kJ/mol (contracted state) and ~53 kJ/mol (relaxed state), assuming that
there is no pH gradient across the membrane. These numbers have to be compared to the
Gibbs Free Energy of ATP hydrolysis, `DGATP, which was found to be ~63 kJ/mol in rat
muscle (Meyer et al. 1982). The energy efficiency, |DGtrans/DGATP|, derived from these
numbers increases from 32% to 84% when Ca2+ is stored back in the sarcoplasmatic retic-
ulum. In the case of the Na,K-ATPase, the ion-concentration changes in the cytoplasm are
not significant and the efficiency (at a membrane potential of `70 mV) is always around
70%.

However, the free-energy balance of the ATPases is not only affected by the ion con-
centrations, but also by their electrogenicity. Those partial reactions in the cycle which
have been found to be electrogenic, i.e., especially ion binding and release steps, have rate
constants (or equilibrium dissociation constants) which depend on the membrane potential
and, as a consequence, their basic free energy levels can be modulated by the membrane
potential (LÉuger and Apell 1986; Apell 1997).

Temperature dependency

Another way to get information on the energetics of the ion pumps is from the temperature
dependence of protein function. According to a description by Arrhenius, the activation
energy for a chemical reaction, Ea, can be introduced by the empirical relation
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k¼A � exp � Ea

RT

� �
; ð2Þ

and determined from the slope of a so-called Arrhenius plot. Although we do not have a
one-step reaction, but a cyclic reaction sequence in the ATPases, it is still possible, for ex-
ample, to plot the hydrolyzing activity of the Na,K-ATPase in an Arrhenius plot (Apell
1997). However, the interpretation is not straightforward. There are good arguments to
claim that the apparent activation energy is mainly that of the rate limiting step in the ob-
served process. Therefore, it is possible that the Arrhenius plot may be bent when process-
es with different activation energy become rate limiting in the low and high temperature
range and take over control of the scrutinized partial reaction (Apell 1997).

Instead of using the empirical concept of Arrhenius from the nineteenth century, which
results in an activation energy representing approximately the height of the potential ener-
gy barrier of the rate-limiting reaction step, an alternative concept can be used. The theory
of absolute reaction rates describes the rate constant of a reaction as a function of thermo-
dynamically well-defined energies (Moore and Pearson 1981):

k¼ kBT
h
� exp �Gy

RT

 !

¼ kBT
h
� exp

Sy
R

 !

� exp �Hy
RT

 !

ð3Þ

This theory allows a determination of the contributions of entropy S† and enthalpy H†

to a reaction step. With the assumption that the transition state is in equilibrium with the
ground state, it is possible to draw the same conclusions from the magnitude of S† and H†

on structural changes during a partial reaction as one can get from thermodynamic param-
eters of overall reactions.

The reaction steps of the Na,K-ATPase occur in an aqueous environment and, there-
fore, entropy changes are dominated by binding and release of water molecules or ions. If
a negative entropy change is observed, it is caused mainly by immobilization of solvent
molecules or ions in the protein. From so far unpublished experiments in our lab, S† and
H† were determined for a number of partial reactions (Table 1). These are recent results
and the project is still under development. However, it is obvious that only in one of the
reaction steps which are accessible so far, a significantly higher enthalpy, H†, was deter-
mined: in the conformation transition from E1 to E2: (Na3)E1-P! P-E2Na3. This step was
also found to be the rate-limiting step in the Na+ transport branch of the pump cycle. Re-

Table 1 Energetics of selected reaction steps from rabbit kidney Na,K-ATPase. Enthalpy H† and En-
tropy S† were calculated from experimentally determined rate constants applying the theory of abso-
lute reaction rates (unpublished data)

Rate limiting step
of the reaction sequence

Enthalpy H†

in kJ/mol
Entropy S†

in J/mol K (at 25�C)

Na2E1! Na3E1 ~20 `227
Na3E1! Na3E1·ATP 52 `226
Na3E1·ATP! (Na3)E1-P 64 `224
(Na3)E1-P! P-E2Na3 112 `219
P-E2K2! E2(K2) 65 `224
E2(K2)! E2(K2)·ATP 70 `224
E2(K2)·ATP! K2E1·ATP 66 `224
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markable also is the finding that the entropy changes in all steps analyzed are approxi-
mately the same, on the order of `225 J/molK, indicating that there exists no process in
which more energy is “wasted” than in others.

The information which we hope to obtain finally from the thermodynamic properties of
the pump process, namely from basic free energies, changes of entropy and enthalpy, will
provide constraints for mechanistic models and support the development of microscopic
descriptions of protein functions as well as of the coupling of enzymatic activity and trans-
port.

Probing crucial amino acids

Before the structure of the SR Ca-ATPase became known, the most important tool to ob-
tain information on structure–function relations was the investigation of pump proteins
modified by mutagenesis. Numerous laboratories studied effects on enzymatic or transport
properties of the ATPases which could be detected after an exchange of amino acids. By
this technique, parts of the protein could be identified which are crucial for substrate bind-
ing, transport, or conformational changes. Such studies were performed with the SR Ca-
ATPase in order to pin down amino acids involved in Ca2+ binding sites (Clarke et al.
1989a, Andersen 1995; Vilsen 1995) and these were eventually confirmed by the structure
of the crystallized protein (Toyoshima et al. 2000). It was found that the two Ca2+ binding
sites were formed by the side-chain oxygen atoms of Asn 768, Glu 771, Thr 799, Asp 800,
and Glu 908 as site I and by Asn 796, Asp 800, Glu 309, and the main chain carbonyl oxy-
gen atoms of Val 304, Ala 305, Ile 307 as site II. To couple ion-transport in/through the
membrane domain and enzymatic activity in the N, P, and A domains, the cytoplasmic
loop L67 between helix M6 and M7 also plays an important role.

In the case of other P-type ATPases, especially the Na,K-ATPase and H,K-ATPase, for
which extensive functional studies are available, structural similarities to the Ca-ATPase
may be exploited to identify elements specific for transport function (Sweadner and Don-
net 2001). However, such comparisons should be used preferentially as a basis for concep-
tual considerations and to scout purposeful point mutations.

The era of mutagenesis as an investigative tool began after the sequences of ion pumps
became available (Shull et al. 1985, 1988) and within a short period of time the number of
contributions almost exploded. As expression systems for the mutated sequence, several
assays are applied: cRNA injection into Xenopus oocytes is very useful for electrophysio-
logical studies (Horisberger et al. 1991; Vasilets et al. 1991), while for biochemical studies
overexpression of ATPases in yeast (Scheiner-Bobis and Farley 1994; Pedersen et al.
1996) or insect cell lines (Blanco et al. 1995; Gatto et al. 2001) is convenient. In such cell
lines the use of a baculovirus infection system was very successful for the examination of
the H,K-ATPase (Klaassen et al. 1993) and the Na,K-ATPase (Gatto et al. 2001).

A recent review on established structure–function relationships through site-directed
mutagenesis (Jørgensen and Pedersen 2001) showed that in the transmembrane segments
M4, M5, and M6 of the a subunit, at least nine amino acids could be identified which are
important for binding of Na+, K+, or Tl+. Most of them are homologous counterparts of the
side chains which form the Ca2+ binding sites in the SR Ca-ATPase. In the yeast expres-
sion system with a renal a1b1g enzyme, the crucial amino acids were: Glu 327, Asn 776,
Glu 779, Asp 804, Thr 807, and Asp 808. Other amino acids could be shown to affect the
dissociation constants for Mg2+ and ATP (Jørgensen and Pedersen 2001). The fifth and
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sixth transmembrane domains were also recently investigated by cysteine-scanning muta-
genesis, another powerful tool to identify the role of single amino acids (Guennoun and
Horisberger 2000, 2002).

Mutagenesis studies were also performed with the H,K-ATPase to determine amino ac-
ids in the transmembrane segments that are involved or affect ion binding and transport
(Hermsen et al. 2000, 2001; Asano et al. 2001; Rulli et al. 2001). In transmembrane do-
mains M4, M5, and M6, four conserved, negatively charged amino-acid side chains were
found which are important for ion binding and thus for the pumping process: Glu 343, Glu
795, Glu 820, and Asp 824 (Sequence according to Shull and Lingrel 1986). It could be
demonstrated that a replacement of Glu 795 and Glu 820 by uncharged amino acid side
chains resulted in a phenotype with a constitutive ATPase activity in the absence of K+

ions. It was suggested that the absence of the two negatively-charged side chains mimics
an occupation of the ion binding sides by K+ ions, the state which would be the trigger for
enzyme dephosphorylation in the wild-type enzyme (Hermsen et al. 2001). In M6, an ad-
ditional amino acid was identified that also affects K+-dependent dephosphorylation, Leu
817 (Asano et al. 2001).

A demonstration of the close relationship of Na,K-ATPase and gastric H,K-ATPase is
made visible in chimera of both ion pumps. In a recent paper it was shown that substitu-
tion of three residues in the M4 segment of the Na,K-ATPase sequence with their H,K-
ATPase counterparts (Leu319Phe, Asn326Tyr, Thr340Ser) and replacing the M3-M4 loop
sequence with that of the H,K-ATPase a-subunit results in a protein that exhibits 50% of
its maximal ATPase activity in the absence of Na+ ions when the assay is performed at
pH 6.0 (Mense et al. 2002). Twenty-one of the 29 amino acids that are thought to form
M4 are already identical in both ATPases.

A different approach to test amino acids and their close environment is the application
of specific oxidative cleavage mediated by Fenton chemistry with complexed transition
metal ions, such as Fe2+ complexed by ATP or Cu2+ by 4,7-diphenyl-1,10-phenantroline
(Goldshleger et al. 2001; Tal et al. 2001). With this method a region of interaction be-
tween the a and b subunits of the Na,K-ATPase could be identified, and short sequences
of four amino acids in transmembrane helices M1 and M3 that are in proximity to each
other near the cytoplasmic surface. Applying this technique to the H,K-ATPase led to re-
sults essentially identical to that for Na,K-ATPase (Shin et al. 2001).

Comparisons of transport mechanism
of SR Ca-ATPase, Na,K-ATPase and H,K-ATPase

Stimulated by the 3D structure of the SR Ca-ATPase, the close relation between P-type
ATPases is discussed to a great extent, especially for the three most prominent pumps, SR
Ca-ATPase, Na,K-ATPase, and H,K-ATPase. The most recent overview of this field will
be published in 2003 as a special volume of the Annals of the New York Academy of Sci-
ences, containing the Proceedings of the 10th International Conference on Na,K-ATPase
and Related Cation Pumps, vol. 986 (2003).

Summarizing the above-discussed findings in this presentation, it can be proposed that
the high homology in amino-acid sequence and, most probably, a high similarity of the
quaternary structure of the three ATPases, is complemented by a single concept of the
transport mechanism which allows a description of all transport phenomena observed so
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far. This concept is based on an alternate-access channel model discussed first by P. LÉu-
ger (LÉuger 1979). The main features of the adapted mechanism are illustrated in Fig. 11,
and they include (a) narrow access channels from both sides, (b) one gate per access chan-
nel, and (c) an ion binding moiety that is adapted specifically and differently in both prin-
cipal conformations to the ions that are transported.

The transmembrane part of the pump, which is formed by ten helices of the a subunit
and by the b subunit, is represented in Fig. 11 as a shaded box with a cavity inside the
membrane. The cavity is connected to the bulk phase on both sides by narrow access chan-
nels. Each half channel possesses a gate that is controlled by the protein conformation (in-
cluding changes induced by ATP binding and protein phosphorylation/dephosphorylation).
A consequence of this arrangement is that ion binding and release is electrogenic on both
sides. Such an electrogenicity was found for all three ion pumps, although in the case of
the Na,K-ATPase the electrogenicity of cytoplasmic K+ binding is hidden by transient H+

binding (see the section entitled “Detailed ion transport mechanism”). With this finding
the previously formulated constraint that the binding sites have to be twofold negatively
charged is no longer strictly necessary. Nevertheless, negative (partial) charges in the
binding sites are required to coordinate the dehydrated cations and to reduce the electric
field of the cations in the largely nonpolar interior of the transmembrane part of the pump
proteins.

The gates that block ion exchange between sites and aqueous phase are not necessarily
mechanical barriers like floodgates. A look at the 3D structure of the crystallized Ca2E1

conformation of the Ca-ATPase reveals that there is indeed no steric obstacle in the path-
way of the ions. Therefore, the gates which block the access channels have to be thought
of as energy barriers produced by an arrangement of amino-acid side chains that do not
allow dehydrated ions to be coordinated and thus make ion propagation energetically ex-

Fig. 11 Schematic representation
of the ion transport pathway and
ion binding sites in P-type AT-
Pases. Access to the binding sites
from the aqueous phases is con-
trolled by gates that alternate in
opening the pathway. The pump
is in an occluded state when both
gates lock the access channels.
An open state of both gates
would produce an ion-channel
like behavior and is prohibited
under physiological conditions
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tremely unfavorable. In the E1 states, the right-hand gate in the illustration in Fig. 11 is
closed and access for ions is possible only from the cytoplasmic side. Correspondingly, in
the states of E2 the left gate is closed and ions can enter the binding sites only from the
luminal (or extracellular) phase. The occluded states are transient states when the pumps
run through their transport cycle and switch back and forth between both principal confor-
mations. Occluded states are characterized by locking the binding moiety from both access
channels. They are required to prevent ion-channel-like conformations that would short-
circuit both aqueous phases. (Assuming that a pump transports typically 100 ions per sec-
ond and an ion channel 107 ions per second, then a channel opening of about 10 �s would
destroy the work of 1 s of pumping). However, under “unphysiological conditions” a chan-
nel-like behavior of the Na,K-ATPase could be produced by addition of Palytoxin, a po-
tent marine toxin isolated from Palythoa toxica. In the presence of this compound, electric
current fluctuations through the Na,K-ATPase were observed like those of a “classic” ion
channel, with fluxes on the order of 106 ions per second (Artigas and Gadsby 2003). Be-
cause the channel behavior disappears when ATP is washed out, the channel-like behavior
is not a consequence of an irreversible protein denaturation, but rather an induced and si-
multaneous opening of both gates.

The third feature of the mechanistic model is the binding moiety deep inside the mem-
brane domain. In the case of the Ca-ATPase it was found to be inside about 30%–40% of
the membrane thickness from the cytoplasmic surface (Toyoshima and Nomura 2002). In
this moiety, ion-binding sites are formed in a way that they show differently high binding
affinities for the transported ions in both principal conformations. In the case of the SR
Ca-ATPase it can be seen that the low Ca2+ affinity E2(TG) state is produced by a severe
disruption of the ion-coordination (cf. the section entitled “Structural properties”). A cor-
responding change may be proposed to occur by the conformation transition of the Na,K-
ATPase, since an increase of the half-saturating Na+ concentration was observed from
~7 mM (in E1) to ~400 mM (in P-E2; Heyse et al. 1994). After dissociation of the Na+

ions, the moiety forming the binding-sites is thought to relax into a new equilibrium that is
able to coordinate 2 K+ ions with high affinity (K1/2 � 0.1 mM) (Bàhler and Apell 1995).

When H+ ions are bound to these pumps instead of hydronium ions (H3O+), the forma-
tion of a complex binding site with an up to sixfold coordination is not necessary; H+ may
bind to a single carboxylate anion of an amino-acid side chain. Therefore, “real” binding
sites have be formed not necessarily for the P-E2 ! E1 branch of the SR Ca-ATPase and
for the E1 ! P-E2 branch of the H,K-ATPase. In Fig. 11 the different affinity for ions in
the binding sites is indicated by the shape of the center cavity in the illustration.

Coupling of energetics and transport

An understanding of the transport mechanism of ion-translocating proteins, such as bacte-
riorhodopsin, the cytochrome-c oxidase, and the F0F1-ATPase was gained after functional
observations and kinetic analyses could be correlated with structural information at atomic
resolution. For example, studies on bacteriorhodopsin revealed how structural transitions
of the chromophore, following absorption of a photon (energy uptake), induce a movement
of the Schiff’s base, which is used, in a precisely tailored surrounding, to transfer a proton
across the central energy barrier in the transport pathway (Haupts et al. 1999; Lanyi and
Luecke 2001). Recently, convincing proof was given that a mechanical movement of pro-
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tein subunits, which form a rotor interacting with other parts of the F0F1-ATPase, are able
to synthesize ATP by a “downhill” movement of protons through the F0 unit or to pump
protons “uphill” at the expense of ATP hydrolysis (Senior et al. 2002; Gaballo et al.
2002). In these cases, concepts of well-known macroscopic machines, like a mechanic
pump or a water-driven mill, can be used, when scaled down, to describe for these highly
specific machines dimensions of a few nanometers.

In the case of the P-type ATPases, such a comprehensive understanding is still lacking.
Although structural details are now becoming available, as well as growing insight into
functional properties on the basis of biophysical and biochemical studies as presented
above, nevertheless, a convincing mechanistic concept of the energy transduction has not
been formulated so far. However, ion pumps need not necessarily work as a scaled-down
version of known macroscopic machines.

So far, a purely speculative concept can be based on the fact that both known confor-
mations of the enzymatic part of the pump proteins, formed by the N, P, and A domains,
switch between two shapes (Fig. 1), one similar to an open boxing-glove (E1) and the other
to a closed one (E2) that surrounds (under physiological conditions) the Mg-Pi complex. In
this “glove” the P domain represents the palm, the A domain the thumb, and the N domain
the four fingers. And like the opening and closing of a fist requires movements of muscles
and tendons in the forearm, the helices in the transmembrane part of the pump protein will
move correspondingly with changes in the cytoplasmic domains. Driving forces for the
propagation around the pumping cycle could be a series of substrate-protein interactions
in which a binding/dissociation step produces transition states with an enhanced energy
(by deformed electron orbitals) that relax by a conformational rearrangement into the next
quasi-equilibrium state, ready for another substrate interaction. Such a mechanism is pos-
tulated, for example, in case of the Na,K-ATPase, where binding of the third Na+ ion in E1

acts as a trigger mechanism for enzyme phosphorylation (Schneeberger and Apell 1999).
However, the explicit energetics of P-type reveal, insofar as they have been determined

up to now, that none of the known reaction steps constitute a “power stroke” which trans-
fers the Gibbs free energy into the vectorial ion-moving process, analogous to that a me-
chanical pump. To reveal the “mechanical” representation (if there is any) of the process
that shifts the pumps away from their thermodynamic equilibrium to keep them going is
one of the challenges to be dealt with in the field of P-type ATPases in the years to come.
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