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Introduction

All living cells are surrounded by a hydrophobic lipid
and protein layer known as the cell plasma membrane.
More evolutionarily advanced cells contain, in addition
to their plasma membrane, numerous intracellular
membranes known as cell organelles. The primary func-
tion of all of these membranes is to regulate the
transmembrane flow of a variety of ions, nutrients and
other small and larger hydrophilic molecules, which are
normally unable to penetrate the membrane. This
makes possible the control of the chemical composition
of the various membranous compartments, and the
ability to control regional cellular chemical composition
in this manner sufficiently defines the living state.
The molecular mechanisms by which polar solutes are
made able to permeate hydrophobic lipid membranes
have fascinated biological scientists for a century, ever

since Overton established the existence of the cell
plasma membrane [1]. Decades of intense biochemical
scrutiny have provided a reasonably complete catego-
rization of the various membrane permeation systems
extant in nature, and the more recent explosion of
information regarding genome sequences throughout
biology has rounded out the list almost completely. The
major categories of membrane proteins involved in
transmembrane solute permeation now known include
the bacterial porins [2], bacterio- and halorhodopsin [3],
the phosphoenolpyruvate-dependent sugar phospho-
transferase systems [4], the ion channels [5–7], the aqua-
porins [8], the connexins [9], the redox-coupled proton
pumps [10], the facilitative and ion-coupled secondary
transporters [11], the F- and V-type ion-translocating
adenosine triphosphatases (ATPases) [12, 13], the P-
type ion-translocating ATPases [14] and the ABC trans-
porter family [15].
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With a more or less complete inventory of nature’s
various membrane permeation systems in hand, the
primary goals for the future are to understand how they
work at the molecular and atomic levels of dimensions.
Progress in this regard has been slow due to the dearth
of information regarding the structures of membrane
transporters and channels. But this situation is begin-
ning to change, with spectacular structure determina-
tions for several classes of membrane permeation
systems in the last few years. X-ray and electron crystal-
lographic analyses have recently elucidated the struc-
tures of bacteriorhodopsin [16–20], several porins
[21–25] and related b-barrel proteins [26, 27], cy-
tochrome oxidase [28, 29], cytochrome bc1 complex [30,
31], F1-H+-ATPase [32, 33] and two different ion chan-
nels [34, 35]. In each of these cases, after the structure
was seen, solid insight into the molecular mechanism
emerged. Structure-based site-directed mutagenesis is
now being applied to these systems, and an understand-
ing of their molecular mechanisms is rapidly growing.
Whereas this recent progress is indeed stunning and
satisfying, much remains to be done in the membrane
transport field. Little is yet known about the atomic
structures and hence mechanisms of the majority of
membrane permeation systems that are known, includ-
ing the sugar phosphotransferases, the aquaporins and
connexins, the facilitative and ion-coupled secondary
transporters, the complete F1FO ATPase complex, the
V- and P-type ATPases and the ABC transporters.
The membrane transporter of primary interest in my
laboratory is the proton-translocating ATPase from the
plasma membrane of Neurospora crassa, which is an
archetype of the P-type ATPase family of ion-translo-
cating ATPases [14, 36]. This is a major family of
ion-translocating ATPases in eukaryotic cells, which
comprises about 80 members from all parts of the
evolutionary tree [14]. These transporters are involved
in a variety of cellular processes, including absorption,
secretion, transmembrane signalling, nerve impulse
transmission, excitation/contraction coupling, and
growth and differentiation. The P-type ATPases are so
named for the participation of a high-energy aspartyl-
phosphoryl-enzyme intermediate in their catalytic cycle
[36]. The aspartate phosphorylation occurs in a highly
conserved asp-lys-thr-gly sequence in the amino-termi-
nal half of the �100-kDa polypeptide chains of these
enzymes, and is undoubtedly involved in the molecular
mechanism of ATP hydrolysis-driven ion transport cat-
alyzed by these enzymes. In a manner as yet unknown,
the aspartate phosphorylation and dephosphorylation
reactions are intimately coupled with the ion-transloca-
tion reactions, efficiently transducing the chemical en-
ergy of ATP hydrolysis into transmembrane
electrochemical ion gradients. With the plasma mem-
brane H+-ATPase as our experimental object, our pri-

mary goal for many years now has been an elucidation
of the molecular mechanism by which the P-type AT-
Pases do this. In this article, our progress toward this
ultimate end is reviewed.

Discovery of the H+-ATPase

Electrophysiological experiments performed more than
30 years ago demonstrated that the plasma membrane
of Neurospora generates and maintains a transmem-
brane electrical potential difference in excess of 200 mV,
outside positive [37]. Subsequent studies correlated the
membrane potential with intracellular ATP levels and
extracellular acidification, and from these studies the
idea of an electrogenic, proton-translocating ATPase in
the fungal plasma membrane emerged [38]. Upon the
development of a procedure for confidently isolating
Neurospora plasma membranes [39], it could be demon-
strated conclusively that a plasma membrane ATPase
does exist, and studies of its biochemical properties
subsequently ensued [40]. Shortly thereafter, in studies
with isolated, everted plasma membrane vesicles, it was
shown that the ATPase is indeed an electrogenic pump
[41], and in a following study, the identity of the
translocated ion as H+ was clearly established [42].
Concomitantly, the hydrolytic moiety of the H+-AT-
Pase was identified as a polypeptide with a molecular
mass of about 100 kDa that is phosphorylated and
dephosphorylated at a rate comparable to the overall
rate of ATP hydrolysis catalyzed by the ATPase, estab-
lishing that the catalytic cycle of this proton pump
involves a phosphoryl-enzyme intermediate [43]. The
subsequent demonstration that the kinetically com-
petent intermediate is an enzyme-bound phosphoryl-as-
partate [44] made it clear that except for the fact that
the fungal plasma membrane ATPase catalyzes electro-
genic proton translocation, it is otherwise quite similar
to the Na+/K+-, Ca2+-, and H+/K+-translocating
ATPases of animal cell membranes. The more recent
availability of gene sequence information has borne this
out, and in addition has included a great many other
ATPases in the rather large P-type ATPase family [14].

Additional biochemical features and early structural
studies of the H+-ATPase

Detergent solubilization of the H+-ATPase was prob-
lematic, but the detergent, lysolecithin, eventually
proved to be quite effective for this purpose. A small-
scale purification procedure for the lysolecithin-ATPase
complex was developed [45], and a large-scale method
for the facile isolation of 50–100-mg quantities of the
ATPase was then devised [46, 47]. A procedure for
reconstituting the purified ATPase in fully functional
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form into artificial phospholipid vesicles was also
worked out [48], and using this reconstituted system it
was possible to demonstrate that the H+-ATPase has
no subunits other than the ATP hydrolytic subunit [48],
and that one copy of the 100-kDa hydrolytic moiety
alone is capable of efficient ATP-hydrolysis-driven pro-
ton translocation [49]. A high-yield yeast expression
system for defining the function of key residues of the
H+-ATPase by site-directed mutagenesis was also de-
veloped [50].
The structure of the H+-ATPase molecule has been
probed by a variety of techniques. Biochemical studies
have shown that the H+-ATPase is a hexamer as iso-
lated [51] and that the functional properties of this form
of the enzyme are the same as those of the ATPase in its
monomeric membrane-bound state [52]. An accurate
estimation of the secondary structure compostition of
the ATPase by circular dichroism was made possible by
the unique, largely lipid- and detergent-free nature of
the purified hexameric ATPase preparation [52], and
importantly, an essentially identical secondary structure
composition was obtained for the ATPase in its mem-
brane-bound state by infrared attenuated total reflec-
tion spectroscopy [53]. Thus, the secondary structure
elements that the ATPase comprises are reasonably
certain. Protein chemistry procedures for fragmenting
the ATPase molecule by trypsinolysis and purifying
most of the numerous hydrophilic and hydrophobic
fragments produced were developed [54, 55], and with
this technology and the purified, reconstituted ATPase
proteoliposomes, the transmembrane topography of vir-
tually all of the 919 amino acid residues in the H+-AT-
Pase molecule was defined [56–59]. The cysteine
chemistry of the ATPase was also defined by protein
chemistry techniques [60]. Figure 1 shows the H+-AT-
Pase folding model that was generated from these re-
sults. By this time, it was reasonably clear that this
transport molecule comprises a large cytoplasmic region
with both the N- and C-termini, a presumably a-helical
membrane-embedded domain, and a minimal loop re-
gion exposed to the extracellular side of the membrane.
Since the discovery of the H+-ATPase, a large amount
of information has accumulated about it and the closely
related yeast and plant plasma membrane H+-AT-
Pases. Summaries of the large amount of work on these
enzymes can be found in numerous reviews [61–66].

Crystallization of the H+-ATPase

The fundamental advance that made possible much of
our recent progress with the H+-ATPase was the devel-
opment of a new approach to the crystallization of the
detergent complexes of integral membrane proteins, uti-
lizing the ATPase as our first experimental object [67].

The standard approach to crystallizing soluble proteins
involves an empirical search for an appropriate precipi-
tant that will render the protein solution mildly super-
saturated, from which crystals will form as
protein-protein interactions replace solvent-protein in-
teractions. However, when this approach is tried with
detergent complexes of membrane proteins, crystals are
rarely produced. It seemed possible that the chimeric
nature of membrane protein-detergent complexes is a
fundamental problem that often precludes their crystal-
lization using the standard approach. That is, detergent
complexes of integral membrane proteins are chimeras,
with conventional protein surfaces made up of the stan-
dard polypeptide functional groups, and with a deter-
gent micellar collar surrounding the part of the protein
normally embedded in the lipid bilayer. And whereas it
should be relatively straightforward to find conditions
empirically that render the protein part of a membrane

Figure 1. Original folding model of the plasma membrane proton
pump based on hydropathy analysis, tryptic cleavage experiments
and other biochemical approaches. The H+-ATPase comprises a
large cytoplasmic region with both the N- and C-termini, a
transmembrane helix region and a helix-connecting loop region on
the exocytoplasmic side of the molecule. The cylinders represent
the membrane-embedded domain of the molecule.
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protein-detergent complex mildly supersaturated, it is
unlikely that those conditions would also render the
detergent micellar collar suitably insoluble. It was thus
reasoned that a key to crystallizing membrane-protein
detergent complexes may be the attainment of condi-
tions in which the protein surfaces of the chimera are
moderately supersaturated, encouraging protein-protein
interactions, and in which the the detergent micellar
collar is also at or near its solubility limit so that
detergent-detergent interactions are promoted as well.
These considerations suggested that the conventional
random search for suitable precipitants was not likely
to be a very successful approach for crystallizing the
ATPase, and numerous unsuccessful attempts to crys-
tallize it in this way lent support to this notion.
With some confidence that the above hypothesis might
be valid, it was therefore decided to approach the prob-
lem more systematically in an attempt to find conditions
in which the extent of supersaturation of the protein
surfaces of the ATPase and the detergent micellar collar
were properly matched. Preliminary experiments had
indicated that the ATPase is most stable when the
detergent used to maintain its solubility is dodecylmal-
toside (DDM). The first step was thus to screen a
variety of commonly used protein precipitants for those
that were able to induce the aggregation of pure DDM
micelles. The concentration at which any precipitant
induced DDM micellar aggregation was hoped to be
close to the concentration at which it might induce
insolubility of the detergent micellar collar of the
DDM-ATPase complex. Of the nine precipitants tried,
seven, all polyethylene glycols (PEGs), were able to
induce DDM micelle insolubility. The seven PEGs were
then tested for their effect on the solubility of the
DDM-ATPase complex, at a concentration slightly be-
low that necessary to induce DDM micellar aggrega-
tion. Three of the PEGs caused extensive precipitation
of the ATPase at this concentration and were therefore
shelved. The other four PEGs did not induce precipita-
tion at the concentration employed and were subse-
quently used at this concentration for crystallization
trials in which the protein concentration was varied.
Encouragingly, crystalline plates of the ATPase were
obtained for each of the four PEGs tried, indicating
that the overall approach may be valid. Unfortunately,
the crystals obtained were visibly flawed, suggesting
that the proper balance of protein surface and DDM
micelle insolubility had not yet been reached. The ionic
strength of the crystallization trials was then raised,
which was known from other experiments to render the
protein surfaces of the ATPase less soluble while having
no effect on the DDM micellar aggregation point. For
one of the PEGs, PEG 4000, this brought on a new,
well-formed hexagonal crystal habit. Subsequent opti-
mization of the initial conditions has yielded large,

Figure 2. Precipitant-induced surface crystallization. H+-ATPase
crystallization drops contain 3D microcrystals that grow in the
drops and 2D crystals that grow at the air-water interface.

single, hexagonal three-dimensional (3D) crystals of the
H+-ATPase up to about 0.4×0.4×0.15 mm in size
that occasionally diffract X-rays to better than 4 A,
resolution using synchrotron radiation. An X-ray dif-
fraction analysis of the H+-ATPase crystals is in
progress.

Two-dimensional (2D) crystals of the H+-ATPase

Electron microscopy of 3D crystals has often been used
to obtain intermediate-level resolution images of
protein molecules, and this information can sometimes
aid in the interpretation of higher-resolution X-ray dif-
fraction data [68]. For this reason, we decided to initiate
an exploration of the H+-ATPase crystals by electron
microscopic techniques. To facilitate these studies, the
ATPase crystallization procedure was adapted for the
production of thin microcrystals of the enzyme [G. A.
Scarborough, unpublished experiments]. In addition to
providing microcrystals of the ATPase, these early stud-
ies clearly showed the predilection of the ATPase for
crystallizing on surfaces, as crystals were found in large
numbers growing on glass cover slips during light mi-
croscopy. In a subsequent electron microscopic investi-
gation of the 3D microcrystals, it was then discovered
that large, 2D crystals also grow in the microcrystalliza-
tion drops at the air-water interface [69]. Conventional
2D crystallization of membrane proteins involves
preparing mixtures containing the protein of interest
and a suitable lipid, both solubilized by an appropriate
detergent, after which the detergent is removed by dial-
ysis or other means, and 2D crystals form as proteolipid
sheets [70]. The precipitant-induced 2D surface crystals
of the DDM complex of the H+-ATPase thus represent
an entirely new approach to obtaining 2D crystals of
integral membrane proteins useful for structure analy-
sis. Figure 2 shows a diagram of this crystallization
system. Whereas 3D H+-ATPase crystals grow in the
drops, large 2D H+-ATPase crystals readily grow on
the surface of such drops. The 2D H+-ATPase crystals
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can be picked up by touching the surface of the drops
with a carbon-coated electron microscope grid and can
then be viewed by electron microscopy. Figure 3 shows
negative stain images of the 2D H+-ATPase crystals at
the beginning of their formation and after the forma-
tion of a large 2D surface crystal. The small circular
protomeric units are H+-ATPase hexamers.

Structure of the H+-ATPase

Our first step in the investigation of the H+-ATPase
structure using the surface crystals was an analysis of
untilted specimens by electron cryomicroscopy [69]. Se-
lected images were digitized, Fourier-transformed and Figure 4. Projection map of the H+-ATPase structure obtained

by electron cryomicroscopy and image processing. The electron
density distribution map was derived from an individual image at
22 A, resolution. The circular units are H+-ATPase hexamers
approximately 160 A, in diameter. The individual H+-ATPase
monomers in projection are shaped like a boot.

Figure 3. Electron micrographs of the precipitant-induced 2D
H+-ATPase surface crystals. The individual circular particles are
H+-ATPase hexamers, the fundamental crystallizing unit. (a)
Incipient crystals are evident as small patches of hexamers coa-
lescing into a hexagonal lattice. (b) Large single 2D surface
crystals of the H+-ATPase form at longer incubation times. The
scale bars indicate 100 nm.

processed as described [69]. The inverse Fourier trans-
form of the first image processed yielded the 22 A,
projection map shown in figure 4. The ringlike nature of
the H+-ATPase hexamers is clearly evident in the map.
The unit cell is hexagonal with a=b=167 A, . The
individual monomers in projection are shaped like a
boot. Further improvements in specimen preparation
and merging of the data from several images yielded an
improved projection map with a resolution extending to
10.3 A, [69].
The 2D H+-ATPase crystals that grow at the air-water
interface are quite fragile, and the major problem we
experienced with them is their tendency to crack during
the preparation of specimens for cryoelectron crystal-
lography. Experiments were thus performed to develop
a suitable procedure for specimen preparation. The
results of these experiments led to a simple but effective
procedure in which the 2D crystals are grown directly
on carbon-coated electron microscope grids and then
immediately frozen in liquid ethane. This eliminated the
need to pick the crystals off of the surface of the
crystallization drops before freezing and greatly dimin-
ished the cracking problem [71].
With a suitable procedure for obtaining 2D H+-AT-
Pase crystals physically stable enough to permit the
reproducible generation of cryoelectron microscope im-
ages suitable for analysis, numerous images were pro-
cessed. A tilt series was then carried out, and the data
were successfully merged, which produced a 3D density
map of the H+-ATPase crystals at a resolution of 8 A,
in the membrane plane [72].
Figure 5a shows a cross-section of the H+-ATPase
structure map cut perpendicular to the 2D crystal and
membrane plane. The crystals consist of two layers of
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H+-ATPase hexamers, separated by a narrow region of
low density, and related to one another by twofold
symmetry. Within each layer, regions of tightly packed
rod-shaped densities, characteristic of transmembrane
a-helices at this level of resolution and perpendicular to
the membrane plane, define the membrane-spanning
domain of the H+-ATPase (arrow 1). The large cyto-
plasmic regions of the H+-ATPase (arrow 2) extend
from the membrane domains toward each of the 2D
crystal surfaces. This view also shows the main inter-
connection between the layers (arrow 3), which occurs
via loops of the polypeptide chain on the exocytoplas-
mic surface of the molecule. There are three of these
contacts for each ATPase hexamer.
Figure 5b shows a section parallel to the crystal plane at
the level of the membrane. The slice was made approxi-
mately through the region indicated by arrow 1 in figure
5a. This view shows a striking pattern of circular units
tightly packed on a hexagonal lattice, each unit repre-
senting an H+-ATPase hexamer. At this level of the
map, the hexamers appear as two concentric rings with
outer diameters of 115 and 165 A, , respectively. The
inner ring comprises six sets of 10 transmembrane he-
lices arranged in a ring around an apparent sixfold
symmetry axis, representing the membrane domain of
six ATPase monomers. Although the presence of
transmembrane helices in the molecule was suspected,
their existence, and their number, were conjectural until
the structure was seen.
An unexpected largesse that emerged from the structure
map is the clear-cut visualization of the organization of
the detergent in the H+-ATPase crystals. The outer
rings seen in figure 5b are the DDM used in the H+-
ATPase crystallization system. Cross-sections of the
detergent rings, indicated by the stars, can be seen in
figure 5a just outside the transmembrane helix region of
each hexamer. The detergent thus forms toroid rings
around the normally membrane-embedded regions of
six monomers of the H+-ATPase hexamers, and these
rings then bind side to side and probably also face to
face in certain regions to form an organized detergent
network in the crystals. Detergent-detergent interac-
tions thus appear to provide a substantial contribution
to the crystal-packing forces in the H+-ATPase
crystals.
Figure 5c shows a similar slice through the large cyto-
plasmic domain region that lies above the membrane
region. The slice was made approximately through the
region indicated by arrow 2 in figure 5a. It shows clearly
that protein-protein crystal contacts occur in the cyto-
plasmic region as well. The predominant crystal contact
in this region of the crystals is indicated by the arrow.
Thus, another important piece of information that
emerged from the structure is that the crystal contacts
comprise both protein-protein and detergent-detergent

Figure 5. The H+-ATPase structure map. Several views of the
electron density distribution in the 2D H+-ATPase crystals are
shown. Panel a shows a cross-section of the map cut perpendicu-
lar to the 2D crystal plane, which is also the membrane plane. The
vertical arrowheads delineate the density of a single ATPase
hexamer. The crystals consist of two offset layers of ATPase
hexamers separated by a narrow region of low density. Arrow 1 in
panel a points to the membrane-embedded region of the ATPase
in one of the layers. Arrow 2 in panel a points to the cytoplasmic
region of the ATPase in the same layer. Arrow 3 points to the
major protein-protein contact between the layers. The stars in
panel a mark cross-sections of the detergent rings. Panel b shows
a section of the map cut parallel to the crystal plane through one
of the hexamer layers in the membrane-embedded region of the
ATPase at a level indicated approximately by arrow 1 in panel a.
Panel c shows a similar section cut through the map at a level
indicated approximately by arrow 2 in panel a. The arrow in
panel c indicates a major protein-protein contact in the ATPase
crystal lattice. Scale bars, 5 nm. See text for additional details.
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Figure 6. Drawing of the 10 transmembrane helices of an H+-
ATPase monomer viewed from the cytoplasmic side of the mem-
brane. Each cylinder follows the density of a transmembrane helix
in the structure map shown in figure 5. The helices are numbered
according to their probable order in the linear sequence as de-
scribed in the text. The scale bar indicates 1 nm.

to-center distances at the points of closest contact rang-
ing from about 8 to 13 A, . None of them run exactly
perpendicular to the membrane plane. Tilt angles of
helices 1, 3, 6, 7, 8 and 9 range from �5° to �15°,
whereas helices 2, 4, 5 and 10 are more highly tilted by
�16° to �22°. Helices 5, 7, 8 and 10 appear to form a
four-helix bundle with a pronounced right-handed
twist. Helices 3, 4, 6 and 9 form a second layer on one
side of the bundle, their orientation being similar to that
of helices 5 and 8. Helices 1 and 2, which again have the
same orientation, form a third layer. Most helices are
essentially straight except helices 2 and 5, which are
slightly curved. The apparent lengths of the individual
membrane-spanning helices vary considerably, but they
average about 35 A, long, as expected for membrane-
spanning helices.
Figure 7 shows a surface-shaded representation of a
single H+-ATPase monomer, viewed along the mem-
brane plane. As mentioned above, the monomer is the
functional unit for this transporter [48, 49]. A lipid

Figure 7. Surface-shaded representation of the structure of the
plasma membrane H+-ATPase. A phospholipid bilayer has been
added to orient the molecule with respect to the membrane. The
principal cytoplasmic domains are numbered 1–4. ATP side refers
to the cytoplasmic side of the membrane, and trans-ATP side
refers to the exocytoplasmic side of the membrane.

interactions. As mentioned above, the original ap-
proach to obtaining the H+-ATPase crystals recognized
the possible importance of attaining a balance between
the solubility of the protein surfaces of the H+-ATPase
molecule and the solubility of its detergent micellar
collar surrounding the membrane-embedded region
[67]. The clear-cut demonstration of both protein-
protein and detergent-detergent interactions in the H+-
ATPase crystal structure lent gratifying credence to the
validity of this concept and augurs that it might be
useful for obtaining 2D and 3D crystals of other mem-
brane proteins. In accord with this, the sparse matrix
membrane protein crystallization protocols described
by Song and Gouaux [73] are designed to maintain the
conditions near the solubility limit of the detergent
micelles.
Figure 6 shows a drawing of the transmembrane helix
region of an H+-ATPase monomer, viewed from the
cytoplasm. The transmembrane helix region covers an
area of about 30 A, by 40 A, and is 35–40 A, thick, as
judged by the average extent of the membrane-spanning
helices in the vertical direction. The 10 membrane-span-
ning helices are numbered according to their probable
position in the polypeptide chain, based on as yet un-
published data from the laboratory of C. Toyoshima
for the closely related Ca2+-ATPase of sarcoplasmic
reticulum. The helices are tightly packed, with center-
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bilayer has been added to orient the molecule with
respect to the membrane. The H+-ATPase possesses a
large portion on the cytoplasmic side of the membrane,
a membrane sector that constitutes approximately one-
fourth of the molecule, and a small extracellular por-
tion. The similarity of the real H+-ATPase structure to
the folding model of figure 1 based upon our earlier
biochemical studies is quite satisfying. Another impor-
tant feature of the ATPase molecule revealed by the
structure is the existence in the cytoplasmic region of
several separate domains, numbered 1–4 in figure 7.
Domain 1 is the largest, and it is separated from both
domains 3 and 4 by deep clefts. Each of domains 1, 3,
and 4 is connected to the membrane by extensions of
the transmembrane helices. Domain 2 is an extension of
domain 1 and is involved in the formation of the
hexamers that form when the ATPase is isolated [51].

Conformational dynamics of the H+-ATPase molecule

Early in our investigation of the H+-ATPase, experi-
ments carried out with isolated plasma membranes
showed that the enzyme is protected against inhibition
by mercurials or trypsin by its substrate, MgATP [40].
Subsequently, the differential sensitivity of the ATPase
to tryptic degradation in the presence or absence of
MgATP served in the identification of the hydrolytic
moiety of the ATPase, and during these studies, it was
noted that the potent ATPase inhibitor orthovanadate
enhances the protective effects of MgATP against tryp-
tic degradation [43]. It was also shown later that the
combination of MgATP and vanadate confers stability
to the ATPase during detergent solubilization and
purification [45]. These various results strongly indi-
cated that the ATPase undergoes significant conforma-
tional changes during its catalytic cycle, and because
these conformational changes are almost certainly inti-
mately related to the transport mechanism, they were
investigated in more detail in a study of the effects of a
variety of ATPase ligands and ligand combinations on
the sensitivity of the ATPase to degradation by trypsin
[74]. To summarize the results of these experiments,
with no ligand present, the H+-ATPase is rapidly de-
graded by trypsin to small fragments. In the presence of
the nonhydrolyzable competitive inhibitor, MgADP, an
�7.6-kDa piece is rapidly removed from the N-termi-
nus, but further degradation of the resulting �92-kDa
enzyme occurs much more slowly, suggesting that the
H+-ATPase changes its conformation upon binding its
substrate. Importantly, in the presence of another non-
hydrolyzable competitive inhibitor, Mg b,g-methylene
ATP, an �3.6-kDa piece is rapidly removed, again
from the N-terminus, but further degradation of the
resulting �96-kDa enzyme occurs much more slowly,

suggesting that the enzyme assumes a different confor-
mation when bound to Mg b,g-methylene ATP, even
though MgADP and Mg b,g-methylene ATP are both
competitive inhibitors of the H+-ATPase. Finally, and
perhaps most important, in the presence of Mg2+ and
the potent inhibitor, vanadate, the tryptic degradation
pattern is indistinguishable from that seen in the pres-
ence of Mg b,g-methylene ATP.
The profound effects of the various ATPase ligands on
the sensitivity of the H+-ATPase molecule to trypsinol-
ysis seemed to indicate that the ligand-induced confor-
mational changes are quite extensive. However, ligand
protection of only a few key amino acid residues could
conceivably explain the results of these experiments.
The ligand-induced ATPase conformational changes
were thus further explored using attenuated total reflec-
tion Fourier transform infrared spectroscopy [53]. The
results of these experiments clearly showed that the
secondary structure components of the H+-ATPase, i.e.
a-helix, b-sheet, turns and random coil, do not change
when the H+-ATPase undergoes these ligand-induced
conformational changes, in agreement with our earlier
circular dichroism studies [52]. But importantly, the
hydrogen/deuterium (H/D) exchange rates of roughly
175 surface amide linkages in the ATPase polypeptide
chain out of a total of about 350 are drastically reduced
as the ATPase proceeds from its unliganded conforma-
tion to its substrate binding conformation (i.e. bound to
MgADP). Similarly, the H/D exchange rates of about
130 residues are reduced in the transition state of the
enzyme dephosphorylation reaction (i.e. bound to Mg-
vanadate in the presence of ATP). These results thus
clearly indicate that the ligand-induced H+-ATPase
conformational changes are quite substantial.
It is important at this juncture to briefly discuss the
transition state theory of enzyme catalysis and known
modes of enzyme conformational dynamics, since they
are essential for the interpretation of the above experi-
mental results. There is general agreement that enzyme-
catalyzed phosphoryl transfer reactions proceed via
in-line, associative, SN2-type nucleophilic displacement
reactions [75, 76]. In such a displacement reaction, when
the incoming nucleophile and the leaving group are
roughly the same distance from the phosphorus atom
undergoing the substitution reaction, the system is said
to be in the transition state. As pointed out by Pauling
[77], and elaborated upon later by others [78–81], en-
zymes facilitate chemical reactions by binding most
tightly to the transition state configuration of the reac-
tion that they catalyze. In so doing, they stabilize the
transition state and thus increase its relative concentra-
tion, which, according to the transition state theory of
reaction rates [82], leads to rate enhancement because
the transition state concentration is rate-determining.
Implicit in this view of catalysis are numerous favorable
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bonding interactions between enzyme functional groups
and the transition state configuration of the chemical
constituents undergoing the reaction, and the summa-
tion of these favorable bonding interactions would con-
stitute a free energy well leading to the cessation of
catalysis were it not for the extreme chemical instability
of the transition state. It follows that if an enzyme
comes in contact with a stable compound already hav-
ing, or capable of readily assuming, the molecular
configuration of the transition state, the enzyme will
seize upon the so-called transition state analogue and be
powerfully inhibited. This is what vanadate is thought
to do to the enzymes that it strongly inhibits [83],
presumably acting as a transition state analogue of the
enzyme dephosphorylation reaction. As a related issue,
if enzyme conformational changes are involved in opti-
mizing enzyme-transition state complementarity [84],
the tight binding of a transition state analogue will lock
the enzyme in the transition state conformation.
Figure 8 shows this concept with a generalized phos-
phoryl-transfer enzyme. Most enzymes operate as
shown in this figure. They have at least two domains
separated by a cleft, they are open in the absence of
substrate, and upon binding their substrates, they close
by rigid body interdomain movements to envelop the
reactants. In doing so, they stabilize the transition state
of the reaction, as shown at the bottom for a phospho-
ryl transfer reaction. This is what orthovanadate looks
like to the P-type ATPases. When the transition state
decomposes, enzymes virtually always reopen and re-
lease their products in preparation for another round of
catalysis. The conformational changes need not be as
extensive as the example shows, but in the case of
phosphoryl transfer enzymes, they have proved to be in
all cases where they have been thoroughly studied.
When viewed within this general framework, the results
of the abovementioned trypsinolysis and hydrogen/deu-
terium exchange experiments with the H+-ATPase are
readily interpreted, and an approximate outline of the
events that take place during the catalytic can be formu-
lated. In the absence of any of its ligands besides
protons, the H+-ATPase is in the open conformation
shown in figure 7. In this state, the enzyme is readily
degraded by trypsin to small fragments, and roughly
350 residues are exposed to the aqueous environment
and available for rapid hydrogen/deuterium exchange.
Upon the binding of MgADP, the ATPase undergoes a
conformational change involving rigid body interdo-
main movements to a form that is much more compact,
with the occlusion of 175 additional surface residues
and a profound increase in resistance to trypsinolysis.
This conformational change may be likened to the
closing of the petals of a tulip, or perhaps a Venus’s
flytrap [85]. In this form, only a few residues at the
N-terminus, specifically, those upstream from val74

Figure 8. Enzyme catalysis by phosphoryl-transfer enzymes. The
generalized phosphoryl-transfer enzyme is in an open conforma-
tion prior to substrate binding. Upon binding of its substrate, the
enzyme undergoes a rigid-body interdomain movement with cleft
closure in order to optimize transition state binding, which is the
essence of enzyme catalysis. The transition state of a generalized
phosphoryl-transfer reaction [76] is magnified at the bottom of the
figure.

[86], can be cleaved from the molecule by trypsin. Of
course, MgADP is not a suitable substrate for driving
transport due to its lack of a g-phosphoryl group. When
a g-phosphoryl group is present, i.e. when the substrate
is MgATP, the H+-ATPase undergoes a similar, but
distinguishably different conformational change con-
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comitant with the formation of the transition state of
the enzyme phosphorylation reaction. The form of the
enzyme that results from these events can only be N-ter-
minally cleaved by trypsin at lys36 [86], indicating that
arg73 is occluded in addition to the other occluded
trypsin-sensitive sites. This may indicate the involve-
ment of residues between lys36 and val74 in the forma-
tion of the transition state of the enzyme
phosphorylation reaction, which would be consistent
with the facts that the enzyme cleaved at arg73 is
inactive, whereas the enzyme cleaved at lys36 is fully
functional [74, 86]. Mg b,g-methylene ATP can lock the
enzyme in this conformation because the complete en-
zyme transphosphorylation reaction cannot occur due
to the stability of the b,g-methylene bridge. When the
substrate is MgATP, the transition state of the enzyme
phosphorylation reaction breaks down with the forma-
tion of ADP and the aspartyl-phosphoryl-enzyme inter-
mediate at asp378. The nature of the next few steps
must remain, at present, unspecified. And whether or
not the molecule reopens after the first transition state
breaks down is unknown. But at some point, ADP
debinds, and a water molecule approaches the phospho-
rus atom of the phosphorylated aspartate in prepara-
tion for the formation of the transition state of the
enzyme dephosphorylation reaction. Upon the forma-
tion of the transition state of the enzyme dephosphory-
lation reaction, information is again available as to the
conformation of the H+-ATPase molecule. This is the
conformation in which the enzyme is locked in the
presence of Mg2+ plus orthovanadate. The conforma-
tion of the enzyme in this second transition state ap-
pears to be similar to the conformation of the enzyme in
the first transition state, because the tryptic degradation
patterns of the enzyme in the two transition state con-
formations are so similar, with the occlusion of arg73
and the other trypsin-sensitive sites that are available in
the open form. The hydrogen/deuterium exchange data
show directly that the enzyme is relatively closed in this
conformation, with the occlusion of roughly 130 of the
350 residues available in the open conformation. This
suggests that only a minimum amount of atomic move-
ment may occur as the enzyme proceeds from the first
transition state to the second. The reaction concludes
with the breakdown of the second transition state, the
debinding of products, and possibly Mg2+ as well, and
the return of the enzyme to its trypsin-sensitive, open
conformation whereupon a new catalytic cycle can be
initiated.
This description of the conformational dynamics of the
H+-ATPase molecule during its catalytic cycle is signifi-
cantly different than the E1–E2 model for the P-type
ATPases that is more commonly invoked [87]. The
central feature of the E1–E2 model is a slow conforma-
tional interconversion between E1 and E2 states that

changes the accessibility and affinity of the ion binding
sites with respect to the membrane surface. In the E1
form, the ion-binding sites are of high affinity in contact
with the cytoplasmic or ATP side of the membrane, and
in the E2 form the sites are of low affinity in contact
with the opposite side of the membrane. Phosphory-
lated forms participate in a similar interconversion be-
tween E1-P and E2-P. The forces that drive the
conformational changes are rarely specified. Whereas
this model may be convenient for making reference to
approximate stages of the catalytic cycles of P-type
ATPases generated by certain combinations of ions and
other enzyme ligands, a major shortcoming of the E1–
E2 model is that it fails to recognize the essential role of
transition state binding affinity in the enzyme phospho-
rylation and dephosphorylation reactions as the real
driving force for the conformational changes that occur
during the catalytic cycles of these enzymes. Its heuristic
value is therefore questionable. Moreover, the model
has not withstood experimental scrutiny. In a trenchant
biochemical analysis, Jencks and his colleagues have
provided convincing evidence that the conformational
transitions inherent in the E1–E2 model probably do
not occur [reviewed in ref. 88]. Rather, the accessibility
and affinity of the ion binding sites are controlled by the
enzyme phosphorylation state, as implied here and ex-
plicitly proposed before [84, 89]. The E1–E2 model is
thus not very useful and somewhat misleading, and
should therefore be discarded. As a replacement, the
simple scheme of Jencks [88] is appealing, supported by
numerous experimental results and probably much
closer to reality. It is also completely consistent with the
conformational dynamics of the H+-ATPase molecule
described above.

Molecular mechanism of proton transport

The importance of the foregoing transition state consid-
erations cannot be overemphasized, because they
provide a rational explanation of the actual forces that
drive the H+-ATPase molecule and reactants through
the various steps of the catalytic sequence. And an
understanding of the driving forces is essential for a
complete understanding of any molecular mechanism.
However, although the above description may satisfac-
torily approximate the catalytic sequence with respect
to the chemical transformations and major enzyme con-
formational changes involved in ATP hydrolysis cata-
lyzed by the H+-ATPase, and the forces that drive
them, the question of the mechanism by which protons
are translocated remains totally unresolved. By analogy
with the Ca2+-ATPase of sarcoplasmic reticulum, the
ion binding site(s) of the H+-ATPase are almost cer-
tainly in the transmembrane helix region [90, 91]. But



CMLS, Cell. Mol. Life Sci. Vol. 57, 2000 881Review Article

the means by which the enzyme phosphorylation and
dephosphorylation reactions and associated conforma-
tional changes bring about the membrane side-specific
ion binding site affinity and/or access changes necessary
for the active transport of the proton(s) is presently
unknown. The majority of the surface residues of the
H+-ATPase molecule that are occluded as a result of
these ligand-induced conformational changes are proba-
bly present on the cytoplasmic side of the membrane,
because this is the part of the molecule with by far the
largest surface area, and because this is the side of the
membrane from which the various ligands approach the
catalytic center or active site. Thus, the act of cleft
closure driven by transition state binding affinity pro-
vides a mechanism whereby proton binding residues
normally in contact with the aqueous medium on the
cytoplasmic side of the membrane can be isolated from
it. And, if the same act of occlusion or any subsequent
step in the catalytic cycle presents these residues to the
aqueous medium the other side of the membrane, either
directly or through a channel in the molecule, the pre-
requisites for gated, transmembrane proton movements
have been met. This must be the way the ATPase
accomplishes the access change required for a mediated
transport mechanism and is especially pleasing because
it invokes protein conformational dynamics that are
already solidly established to exist. The most important
question that remains then is the mechanism by which
the ligand-induced interdomain movements are coupled
with the proton-binding and release reactions. And the
answer to this final essential question must await the
availability of atomic resolution structures of the H+-
ATPase in the open conformation and one or more of
its closed states.
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