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V-ATPase is an ATP-driven rotary motor that vectorially transports ions. Together with F-ATPase, a homologous
protein, several models on the ion transport have been proposed, but their molecular mechanisms are yet un-
known. V-ATPase from Enterococcus hirae forms a large supramolecular protein complex (total molecular weight:
~700,000) and physiologically transports Na™ and Li* across a hydrophobic lipid bilayer. Stabilization of these
cations in the binding site has been discussed on the basis of X-ray crystal structures of a membrane-
embedded domain, the K-ring (Na™ and Li* bound forms). Sodium or lithium ion binding-induced difference
FTIR spectra of the intact E. hirae V-ATPase have been measured in aqueous solution at physiological temperature.
The results suggest that sodium or lithium ion binding induces the deprotonation of Glu139, a hydrogen-bonding
change in the tyrosine residue and rigid a-helical structures. Identical difference FTIR spectra between the entire
V-ATPase complex and K-ring strongly suggest that protein interaction with the I subunit does not cause large
structural changes in the K-ring. This result supports the previously proposed Na™ transport mechanism by
V-ATPase stating that a flip-flop movement of a carboxylate group of Glu139 without large conformational
changes in the K-ring accelerates the replacement of a Na™ ion in the binding site. This article is part of a Special
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1. Introduction

Biological systems contain various active transport machineries,
where uni-directional transports of ions and substrates are achieved
across the membrane [1-6]. Mechanism of such molecular machineries
is one of the central questions in bioenergetics. Transporters and pumps
are membrane proteins, which include specific pathway of ions and
substrates. However, the pathways cannot be fully connected between
the two sides of the membrane, because the gradient formed by active
transport will be collapsed. This is an important aspect in distinguishing
transporters and pumps from channels. The former needs energy input,
which ensures the uni-directionality of transport across the membrane.
Light and chemical energies by specific chemical reactions are used to
drive these molecular machines. In particular, the energy gained by
ATP hydrolysis is ubiquitously used in biological systems.

V-ATPases couple ion movement with ATP hydrolysis, whose struc-
ture and mechanism resemble those of F-ATPases [7]. V-ATPases have a
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globular catalytic domain, V; (equivalent to F;), where ATP is hydro-
lyzed. This domain is attached by central and peripheral stalks to the
intrinsic membrane domain, V, (equivalent to F,), which pumps ions
across the membrane. It is generally accepted that electrostatic
interaction at the glutamate (aspartate) residues within the H™
(or Na™)-binding sites of the c-ring and the conserved arginine residue
of the a-subunit of V,, (or F,) is crucial for ion-transport mechanism.
Several ion transporting mechanism models of F-ATPases have been re-
ported before obtaining the precise structure of the F, part. First, Junge
et al. have proposed ‘two-half-channel’ model [8]. In the ion pumping
mode, rotation of the c-ring by ATP hydrolysis energy via F;-ATPase
brings an occupied ion-binding site into the interface between c-ring
and a-subunit. The a-subunit provides for ‘exit’ and ‘entry’ of the ions
via aqueous half-channels to periplasm and from cytoplasm, respective-
ly (Fig. 1a). Second, NMR studies of the monomeric c-subunit in organic
solvent mixtures at various pH values have suggested that the process of
pumping ions involves large conformational changes which involve
swiveling of the outer helix of subunit c of Escherichia coli F-ATPase
(Fig. 1b) [9]. Third, ‘single channel’ model has also been proposed for
the F-ATPase from Propionigenium modestum, where the Na*-binding
site is placed close to the membrane center, but Na™ can exchange
through an intrinsic c-ring channel connecting the ion-binding sites to
the cytoplasm (Fig. 1c) [10]. In the pumping mode, the bound ion of
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Fig. 1. Schematic models of ion-transporting mechanism of F-ATPases. The direction of the rotation in these models as shown in black arrows is in the pumping mode but not in ATP syn-
thesis mode. Ions, c-ring and a-subunit are shown in blue spheres, gray and green cartoons, respectively. (a) ‘Two-half-channel’ model; side view (b) ‘helix swiveling’ model; top view from
the cytoplasm at the level of the ion-binding sites (c) ‘single-channel’ model; side view. See text for details.

the c-ring releases at a half-channel to the periplasm of a-subunit be-
tween the interfaces. Recent progresses suggest that the ‘two-half-
channel’ model without swiveling of the helix of c-ring is most favorable
[11,12], but the precise mechanism of ion translocation by F (or V)-
ATPase remains unclear because of the lack of the atomic structure of
the membrane protein complex.

V-ATPase from Enterococcus hirae physiologically transports Na™
and Li* [13]. This enzyme is encoded by nine ntp genes (ntpFIKECGABD)
organized in the ntp operon [14]. Amino acid sequences of Ntp-F, -1, -K,
-E, -C, -G, -A, -B, and -D were homologous with those of the subunits G,
a,¢,E d,F, A B, and D of eukaryotic V-ATPases, respectively [15]. The V,
domain responsible for ATP-driven rotation consists of the Ntp-A, -B, -C,
-D, -E, and -G subunits (Fig. 2). In V4, the three A subunits and the three
B subunits are arranged alternately around a central D subunit. V,
domain, which utilizes the rotation of V; for the transport of Na™
(or Li™), is composed of oligomers of 16-kDa NtpK, which form a mem-
brane rotor ring (K-ring), and a single copy of the NtplI subunit. The V,
and V, domains are connected by a central stalk, which is composed
of NtpD, NtpG, and NtpC subunits, and two peripheral stalks, which
are composed of NtpE and NtpF subunits of V. ATP hydrolysis induces
the rotation of the central stalk and the attached K-ring, which causes
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Fig. 2. Schematic model of E. hirae V-ATPase. A side view of the structure model of the
V-ATPase complex. ATP hydrolysis induces the rotation of the central stalk with K-ring
(indicated with the dotted red line), which causes ion (Na* or Li*) pumping at the inter-
face between the K-ring and Ntpl.

.....

Na* (or Li") pumping at the interface between the K-ring and Ntpl
subunit.

2. X-ray crystal structures of membrane rotor K-ring of
E. hirae V-ATPase

In 2005, the crystal structure of the Na™-bound K-ring was reported
as the first high-resolution ring structure (Fig. 3a and b) [16]. Ten sodi-
um ions are bound to the specific binding pockets each of which is com-
posed of five oxygen atoms 2.2-2.3 A distant, four of them in the side
chains of T, Q%5, Q''° and E'3°, and the fifth in the main chain carbonyl
of L°'. They are located on the external surface of the ring, and the hy-
drophobic surface arrangement places the Na™-binding site close to
the center of the bilayer. Recently, the crystal structure of the Li*-
bound K-ring was also reported (Fig. 3c) [17]. The overall structure of
the Li*-bound K-ring is almost identical (RMSD for all atoms; 0.09 A)
to that of Na* bound K-ring except for the ion binding pocket of each
K-subunit (Fig. 3b and c). Each Li* is surrounded by five oxygen
atoms in Helix 2, 3 and 4 which all contribute to the Li*-binding pocket
as seen in the Na™ bound K-ring structure. The distances between Li™
and the oxygen atoms are slightly shorter than those between Na™
and the oxygen atoms. Thus, the ion binding pocket of the K-ring specif-
ically binds Na™ or Li™ using identical binding pocket with slightly dif-
ferent metal — oxygen distances.

The ion transport mechanism has been discussed on the basis of
these structures; however, X-ray crystal structures lack information on
hydrogen atoms. Of the five residues involved in Na™ binding to the
K-ring only one, an essential glutamate (E'3°) is conserved in all H-
transporting V-ATPases. The other four residues (L%, T®*, Q% and
Q') are not conserved. It is widely accepted that the H binding/
release in H* transport of V-ATPase occurs via protonation/deproton-
ation of the carboxyl group of the glutamate residue. The K-ring
whose carboxyl group should be protonated at acidic pH does not
bind ?2Na™ with the same high affinity at alkali pH. Analysis of inhibi-
tion by H" ions suggested that the K-ring binds Na* and H™ competi-
tively [17]. The K; value of H™ corresponds to the acid dissociation
constant (K,) of the E'3°, the pK, of which is 5.5. However, we have
not observed ATP-driven H™ uptake activity into proteoliposomes
reconstituted with the whole V-ATPase complex at pH 5.5 in the effec-
tive absence of Na™. It proved impossible to obtain crystals of H™
bound K-ring under acidic conditions, as the K-ring was unstable at
less than pH 4.5. Therefore, precise structural differences such as pro-
tonation states of carboxylate residues and hydrogen-bonding struc-
tures of amino-acid side chains remained unclear.

3. ATR FTIR spectroscopy of membrane proteins

Stimulus-induced difference Fourier-transform infrared (FTIR) spec-
troscopy is a powerful tool to investigate protein structural changes ac-
companying biologically important functional processes. This method
has been extensively applied to photo-active proteins [18-21], and
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Fig. 3. Crystal structures of the K-ring of E. hirae V-ATPase. (a) A side view of the K-ring. The red box indicates the location of the ion-binding pocket. (b, c) Close-up views of the ion-binding
site of the K-ring (b: Na™-bound form, c: Li*-bound form). The Na™ and Li* ions are in light blue and violet, respectively. Dotted lines are Na™ (or Li™)-O bounds with distances.

has been shown to allow detailed structural analysis including changes
in hydrogen-bonding of even a single water molecule [22-24]. How-
ever, this technique has not been easily applied for other stimuli such
as ion- and ligand-binding. Attenuated total reflection (ATR)-FTIR
spectroscopy uses samples that are filled in aqueous solution, so that
solution pH, ionic and molecular composition can be preserved and
accurately controlled [25-27]. Consequently, ion- and ligand-binding
induced difference ATR-FTIR spectra provided the atomic-detailed
mechanisms of membrane proteins to stimuli, as for respiratory
cytochrome bc; complex [28], cytochrome ¢ oxidase [29-31], gastric
ATPase [32], nicotinic acetylcholine receptor [33-35], Na*/galactose
transporter [36], oligopeptide transporter [37], transhydrogenase [38,
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39], melibiose permease [40-42 ], microbial rhodopsins (they are photo-
receptive proteins, but ion-binding was measured by ATR-FTIR
spectroscopy in these papers) [43-45], flagellar motor PomA-PomB
complex [46], and potassium channel KcsA [47].

In ion- and ligand-binding induced difference FTIR spectroscopy, the
samples were physically adsorbed on an attenuated total reflection
(ATR) crystal and soaked in a buffer solution containing ions at a con-
centration suitable for the investigation of the ion binding site (depend-
ing on the Kp values). It should be noted that “physical adsorption” does
not require any special treatment for samples in case of membrane pro-
teins. In case of soluble proteins and membrane proteins solubilized by
detergents, samples are easily detached from the ATR cells upon buffer
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Fig. 4. Experimental setup for stimulus-induced difference ATR-FTIR spectroscopy. (a) Picture of the ATR-FTIR system. (b) The sample compartment. The samples are attached on the ATR
cells, which are covered by a glass jacket for maintaining the temperature and introducing buffer solutions to the sample. (c) Buffer exchange system. Exchanging buffer solutions was
regulated by a chromatography system with a computer-controlled solenoid valve. Using this system, we are able to obtain the difference FTIR spectra between buffer A and B.
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exchange. In contrast, weak interaction between membrane proteins
in lipids and ATR cell surface is sufficient for adsorption during
measurements.

We thus applied ion-binding induced difference ATR-FTIR spectros-
copy to V-ATPase (total molecular weight: ~700,000) [48], which was
the largest protein complex by ATR-FTIR spectroscopy. Experimental
setup is shown in Fig. 4. The V-ATPase sample of the entire complex
or the purified K-ring was placed on the surface of a diamond ATR crys-
tal with nine effective internal reflections (DurasamplIR II, Smiths
Detection, UK). After drying in a gentle stream of N,, the sample was
rehydrated with perfusion buffer (20 mM Bis-Tris at pH 6, 2.5 mM
MgS0,, 8% glycerol). The sample was covered by a glass jacket for main-
taining the temperature and introducing buffer solutions to the sample
(Fig. 4b). Before measuring the Na™-induced difference spectra, the film
was perfused with the same buffer at a flow rate of 0.5 mL/min for
100 min. ATR-FTIR spectra of the V-ATPase sample were recorded at
293 K and 2 cm™ ! resolution using a Bio-Rad FTS-6000 spectrometer,
equipped with a liquid nitrogen-cooled MCT detector (Fig. 4a). Ex-
changing buffer solutions was regulated by a chromatography system
with a computer-controlled solenoid valve (Gradicon IIl with one peri-
staltic pump, ATTO, Japan) (Fig. 4a and c). A background spectrum of the
film (an average of 4560 interferograms) was first recorded during per-
fusion with buffer in the absence of NaCl for 40 min. The buffer was then
switched to that containing 1 mM NaCl, and after a 5 min delay for
equilibration, a Na™-binding minus Na*-free difference spectrum was
recorded for 40 min (an average of 4560 interferograms). Then, the
buffer was switched back to that without NaCl, and after a 5 min
delay, an equivalent Na*-free minus Na*-binding difference spectrum
was recorded with the spectrum collected just before as a new back-
ground. The cycling procedure was repeated six times, and the differ-
ence spectra were calculated as averages of [V-ATPase(Na*t) minus
V-ATPase(free)] and [V-ATPase(free) minus V-ATPase(Na™)] spectra.
The flow rate was maintained at 0.5 mL/min. V-ATPase(Li*) minus
V-ATPase(free) spectra and V-ATPase(Na™) minus V-ATPase(Li™)
were measured by the same method.

4. ATR-FTIR study of V-ATPase
4.1. ATR-FTIR difference spectra of the entire V-ATPase complex

Fig. 5 shows sodium- (a) and lithium-ion (b) binding-induced differ-
ence infrared spectra measured in the buffer (20 mM Bis-Tris (pH 6),
2.5 mM MgSQO,, 8% glycerol) containing 1 mM NaCl or LiCl against the
buffer without these salts as reference [48]. Kp values reported for
Na*t (Kp(na-+)) were 15 uM for the entire complex [49] and 12 pM for
the K-ring [17]. Therefore, the spectral changes are considered to be
caused by the binding of ions to the binding site. In fact, a similar Na™
binding spectrum was obtained at 100 uM NaCl [48]. Li* affinity for
the K-ring was examined by the inhibition assay and its K; value was es-
timated to be 48 uM [17]. The concentration of LiCl (1 mM) was also suf-
ficiently high. The difference spectra between sodium and lithium ion
binding forms were also measured and compared with the spectrum
calculated by subtracting the lithium-ion spectrum (Fig. 5b) from the
sodium-ion spectrum (Fig. 5a). The spectra were very similar to each
other (Fig. 5c), which indicate that the negative sides in Fig. 5a and
Fig. 5b were completely canceled out by the subtraction.

After the ion-binding induced difference ATR-FTIR experiment, the
stability of the entire V-ATPase complex was examined by SDS-PAGE
(Fig. 6a) and Na™-dependent ATPase activity (Fig. 6b). The band pat-
terns obtained by SDS-PAGE were almost identical between before
(lane 1) and after the experiment (lane 2) (Fig. 6a). A and B subunits
are the main components of the V; domain and are relatively easily de-
tachable from the complex; however, they survived during the mea-
surement. Not only the structure but also the function of V-ATPase
was found to be retained as indicated by the result that at least 70% of
the Na™-dependent ATPase activity remained (Fig. 6b). Desorption of
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Fig. 5. lon-binding induced difference infrared spectra of the entire V-ATPase complex. The
difference spectra were recorded in the presence and absence of 1 mM Na(l (a: red) or
1 mM LiCl (b: blue). (c) The calculated spectra ((a)-(b): green) and the experimentally
obtained difference spectrum recorded with 1 mM NaCl and LiCl (purple) were compared.
(d) Ion binding-induced difference infrared spectra of the entire V-ATPase complex after
DCCD treatment (black). The red-colored spectra are reproduced from a. One division of
the y-axis corresponds to 0.0015 absorbance unit. These spectra are reproduced from
Ref. [48].

the sample from the ATR cell surface was estimated to be ~17% from
the amide I intensity. Therefore, the substantial degeneration was limit-
ed to ~13% after the experiment, which ensures that our ion binding-
induced difference spectrum is obtained from the intact V-ATPase
sample.

The negative bands at 1737 cm™ ' in Fig. 5a and b correspond to the
characteristic frequency of the (=0 stretching vibration of a protonated
carboxyl group of Asp or Glu. On the other hand, the positive bands at
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Fig. 6. (a) SDS-PAGE before and after the ATR-FTIR experiment. (b) Na*-dependent
ATPase activity before and after the ATR-FTIR experiment. These data are reproduced
from Ref. [48].
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1561 and 1422 cm™~ ! (Fig. 5a) and at 1563 and 1426 cm ™! (Fig. 5b) cor-
respond to the characteristic frequency of antisymmetric and symmet-
ric COO™ stretching vibrations of carboxylate groups. Therefore, these
vibrational signals are likely to originate from carboxylate responsible
for binding of sodium- and lithium-ions, where negative signals indicate
proton binding. This is supported by the difference spectrum after the
reaction with N, N’-dicyclohexylcarbodiimide (DCCD) (Fig. 5d, red),
which binds to E'*® in the K-ring and decreases the Kp(na-+) value signif-
icantly [15].

The frequency difference between the antisymmetric and symmet-
ric stretches of carboxylate depends on the interaction with the cation
[50,51]. A difference larger than 200 cm ™! indicates a monodentate
structure, where only one C=0 group interacts with the cation and
the other is free. The differences in the Na™- and Li*-bound forms are
139 and 137 cm ™!, respectively (Fig. 5), and less than the criterion. Ac-
cording to the literature [50], the carboxylate group interacts with cat-
ions in the pseudo-bridging structure, where one C=0 group interacts
with a cation and the other interacts with water or another OH group.
This is consistent with X-ray crystal structures (Fig. 3b and c), though
the possibility of bidentate binding mode cannot be excluded from the
frequencies [51].

The bands at 1512 and 1314 cm~! (Fig. 5a) and at 1533 and
1330 cm™ ! (Fig. 5b) exhibit frequency changes that depend upon
the binding of sodium and lithium ions. Corresponding vibrations
are suggested by the pair bands at 1510/1532 cm~ ! and at 1313/
1330 cm™ ! in the sodium-ion minus lithium-ion difference spectra
(Fig. 5¢). These modes are possibly assigned to phenol ring stretching
and phenol C- O stretching modes of tyrosine residues [52], though iso-
tope labeling was not performed. The frequency shift is more pro-
nounced in the difference spectrum shown in Fig. 5¢ (1510/1532 and
1313/1330 cm ™ !). The most probable candidate is Y58 in the K-ring.
From X-ray crystal structures, the structural difference attributed to
Y®8 between the Na - and Li "-bound forms is not clear, but the infrared
spectra showed a significant effect due this residue. The cations do not
directly interact with Y®®, but it may be important for the regulation
of the electronic structure of E'*° thorough the hydrogen bond. When
the cations are removed from the binding site, E'3° is protonated and
the C=0 stretching mode of carboxylic acid appears at 1737 cm™ .
The frequency suggests that E'*° forms one moderate hydrogen bond
with a polar side chain group [53], which implies that E'*° keeps a
hydrogen-bond with Y®® regardless of its protonation state.

The results in Fig. 5 clearly demonstrate that ion-binding induced
difference ATR-FTIR spectroscopy successfully obtains structural chang-
es upon binding of sodium-ions to V-ATPase, though V-ATPase is a large
protein complex (total molecular weight: ~700,000). The most intense
peaks in Fig. 5a were observed at 1666 (—)/1656 (+)/1641 (—) cm™ !,
which are located in the amide I region consisting of a main chain
carbonyl (=0 stretches. Amide-I frequency depends on the secondary
structure, and a positive peak at 1656 cm™! is characteristic of
a-helix. This indicates more a-helical contents in the sodium-ion bind-
ing form than in the sodium-ion free (proton binding) form. It is likely
that release of sodium ion loosens the structures of transmembrane
a-helices.

4.2. ATR-FTIR difference spectra of the K-ring

To further gain structural information, we prepared K-ring alone,
and applied ATR-FTIR spectroscopy to K-ring. Fig. 7 compares the differ-
ence spectra upon binding of sodium ions between native V-ATPase
(red) and K-ring (blue). As it is clearly seen, the two spectra are almost
identical, being consistent with the above interpretation, because K-ring
has the binding site of sodium ion. In the K-ring, there are two aspartate
and four glutamate residues (D3, E*°, E°°, D®3, E'?5, and E'>°). Among
them, only E'° constitutes the sodium ion binding site. The other bind-
ing sites in the aqueous phase are on the cytoplasmic surface (E°° and
E!25), on the extracellular surface (D* and D®%), and in the inner ring
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Fig. 7. lon binding-induced difference infrared spectra of the K-ring alone (blue). The red-
colored spectra are reproduced from Fig. 5a by changing the amplitude. One division of the
y-axis corresponds to 0.0002 absorbance unit. These spectra are reproduced from Ref. [48].

(E3). These residues are easily accessible to bulk water at pH 6 and
are always deprotonated independently of the presence of sodium or
lithium ions. Therefore, these bands could reasonably be considered to
originate from E'*° residues in the K-ring.

ATP hydrolysis in the A3B; domain drives the rotation of the central
stalk (D, G, and C subunits) and the connected K-ring, which drives the
pumping of Na™ ions through the interface between the K-ring and the I
subunit. In the presence of a Na™ ion, E'*® is deprotonated, which gen-
erates an ion pair in the binding site. It would be interesting to know
whether such a drastic change in the electrostatic field of the binding
site could induce some conformational changes in a K-ring unit. The am-
plitude of the positive peak of amide-I mode was 0.00046 at 1656 cm™ !,
which corresponds to about 0.4% and 1.7% of the entire amide I band of
the entire complex (0.11 a.u.) (Fig. 5a), and the K-ring (0.026 a.u. esti-
mated from the ratio of the molecular weight between the entire com-
plex, 698 kDa, and the K-ring, 160 kDa) (Fig. 7), respectively. One
subunit of the K-ring consists of 156 amino acid residues and 1.7% ap-
parently corresponds to 2.7 residues. It should be noted that these
values are obtained from difference spectra, in which positive and neg-
ative contributions are possibly canceled. This indicates that the value
(2.7 residues) is minimal and more amino acids should be involved in
conformational changes.

We expected similar difference spectra upon binding of sodium ions
between the entire V-ATPase complex (red spectrum in Fig. 7) and
K-ring (blue spectrum in Fig. 7), and the results support the idea that
the observed spectral changes monitor local conformational alteration
in K-ring. Band assignments of 1737 (—), 1561 (+), 1422 (+) cm™!
(E™°) and 1512 (+), 1314 (+) cm™ ! (Y®®) are also supported by the
reproduced observation for K-ring. In addition, identical spectral fea-
tures in amide-I bands provide important structural implication regard-
ing the transport model of V-ATPase. There has been a model that
predicts certain conformational changes of a domain in K-ring only
when interacting with the stator domain (Fig. 1b). Nevertheless, the re-
sults in Fig. 7 clearly exclude the possibility, as the difference spectra are
identical between the entire V-ATPase complex and K-ring. It should be
noted that the entire V-ATPase complex is intact during the ATR-FTIR
measurements, retaining the enzymatic activity (Fig. 6).

While the identical spectra in Fig. 7 provide important structural in-
formation related to the transport mechanism, it was entirely unexpect-
ed that the ion binding-induced difference spectrum of the K-ring was
“too identical” to that of the entire complex (Fig. 7). In the K-ring, one
or two subunits are considered to interact with the I subunit for Na™*
or Li* ion transport, where R°’3 was proposed to form an ion pair
with E'*° in the K-ring [16,54]. Therefore, we expected homogeneous
structural changes upon ion binding to the K-ring, but the structural
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changes upon ion binding to the entire V-ATPase complex must be het-
erogeneous. Although there are spectral deviations between red and
blue spectra in Fig. 7, it was concluded that they originate from experi-
mental error such as baseline drift, not the meaningful signals [48]. This
implies that protein interaction with the I subunit does not cause large
structural changes in the K-ring. This result supports the previously pro-
posed Na™ transport mechanism by V-ATPase stating that a flip-flop
movement of a carboxylate group of E'® without large conformational
changes in the K-ring accelerates the replacement of a Na™ ion in the
binding site [17].

5. Mechanistic insights from X-ray structure and
vibrational spectroscopy

Murata and his colleagues have previously proposed an ion trans-
port mechanism of V-ATPase based on the crystal structures of
ion bound K-ring and the ion binding properties and selectivity of the
K-ring [16,17]. In the model, the clockwise rotation of the K-ring driven
by ATP hydrolysis energy in V,-ATPase, as viewed from the cytoplasm,
brings an occupied Na*-binding site into the K-ring — Ntpl interface
(Fig. 8a). The proximity of the Na™ site to the essential R>’> residue of
Ntpl produces an electrostatic interaction between R>’3 and E'*°,
disrupting the hydrogen bound network in the Na* binding pocket of
the K-ring. This results in the release of the Na* ion into the periplasm
via a half-channel in Ntpl as indicated by the red arrow in Fig. 8b. Fur-
ther rotation caused by ATP hydrolysis energy in V,-ATPase (Fig. 8c),

a
Half channel
to periplasm "
Half channel
to cytoplasm T
d

which may disrupt the Arg-Glu interaction, results in the binding of a
cytoplasmic Na* ion as indicated by the blue arrow in Fig. 8d.

While ATR-FTIR study was reported in 2011 [48], the structures
of the DCCD-K-ring were determined in the same year [55], which pro-
vided further implication about the mechanism. Binding of the DCCD ef-
fectively neutralizes the negative charged of the conserved E'9,
resulting in ~30 times lower affinity for Na* in the binding pocket
[55]. The similarity of the Na™ bound and the Na* unbound DCCD-K-
ring structures to that of the wild-type K-ring indicates that there is
no global conformational change associated with neutralization of the
E'39 and release of Na™ from the binding pocket modified with DCCD.
The E'*° neutralized by DCCD is suggested to adapt the same open ori-
entation as it would be through forming an electrostatic interaction
with the R%”? during the ion transport process. Based on these findings,
Murata and his colleagues proposed an ion transport mechanism of
V-ATPase whereby the ion translocation can be accomplished through
changes in the torsion angle of the E'° side chain alone, without any
other global conformational changes at the binding site as shown in
Fig. 8 [55].

The ATR-FTIR results are fully consistent with these views based on
X-ray crystallography. Identical difference FTIR spectra between the en-
tire complex and K-ring indicate the lack of global conformational
change upon association of the K-ring with the stator unit. The identical
spectra further suggest that E'° does not directly interact with R°”* in
Ntpl, where ion-binding site is closed, namely still binding ions, in the
resting state of the entire V-ATPase complex. This means the structure
in Fig. 8a is the most energetically stable state during the functional

Fig. 8. Amodel for the ion-transport mechanism of E. hirae V-ATPase. The model is based on the crystal structures of the K-ring. The views are from the cytoplasm and show the K-ring-Ntpl
interface at the level of the ion binding sites. Residues involved in ion binding are shown in stick representation. Colors correspond to Fig. 2. Ntpl shown in green is in close proximity to the
K-ring with the essential R’ (blue stick representation), which has two half-channels connecting to the periplasm and cytoplasm, respectively. The ion transport mechanism of V-ATPase

is represented by four intermediate states (a-d).
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cycle of V-ATPase. Further experimental and theoretical efforts will lead
to better understanding of the functional cycle of V-ATPase.

6. Conclusion and perspective

Using ion-binding induced difference ATR-FTIR spectroscopy, we
showed that sodium and lithium ion bindings to the K-ring induce de-
protonation of E'° residue, where structural changes of Y® is also sug-
gested [48]. Transmembrane «-helix conformation is rigid in the
presence of sodium and lithium ion, while the release of these ions
(=replacement with protons) loosens the a-helical structure. It was
suggested that limited number of backbone groups participate such
changes, indicating that the structural alterations are local. Identical dif-
ference FTIR spectra upon ion bindings between the entire V-ATPase
complex and K-ring indicate that the observed spectral changes
monitor local conformational alteration in the K-ring. In the entire
V-ATPase complex, one or two subunits of the K-ring are considered
to interact with the I subunit for Na* or Li™ ion transport, where R%”3
was proposed to form anion pair with E'*® in the K-ring. Identical differ-
ence FTIR spectra between the entire V-ATPase complex and K-ring
strongly suggest that protein interaction with the [ subunit does not
cause large structural changes in the K-ring. This result supports the
previously proposed Na™ transport mechanism by V-ATPase stating
that a flip-flop movement of a carboxylate group of E'*® without large
conformational changes in the K-ring accelerates the replacement of a
Na* ion in the binding site.

Vibrational spectroscopy cannot determine atomic positions of bio-
molecules. However, as shown in this review article, it is a powerful
method to investigate structural changes of biomolecules in atomic de-
tails. In particular, FTIR spectroscopy is a good complimentary technique
of X-ray crystallography, which is also presented in this article. Both
X-ray crystallography and ATR-FTIR spectroscopy concluded ion trans-
port mechanism without large conformational changes in the K-ring.
Because of recent accelerated structural determination of membrane
proteins, ATR-FTIR spectroscopy will be more demanded in the future
than in the past. Small sample amount needed for ATR-FTIR spectrosco-
py (~50 pg protein is sufficient for each measurement) is also advanta-
geous for the measurements of the samples, whose preparations are
difficult.

Finally recent progresses in ATR-FTIR spectroscopy are noted. Highly
accurate detection allows signal acquisition of even a single amino acid.
This is also the case for a protein-bound water molecule of cytochrome ¢
oxidase [56] and a light-driven chloride pump halorhodopsin [57],
where vibrational signal of an internal water molecule was extracted
in aqueous solution at ambient temperatures. Measurements of single
layered membrane proteins are ideal, whereas normal ATR-FTIR mea-
surements require stacked many layers that accumulate vibrational sig-
nals. Surface-enhanced infrared difference absorption spectroscopy
(SEIDAS) enables such a single layered measurement [58,59]. Using
this method, structural changes of a membrane photoreceptor were
measured under different voltages [60,61]. Voltage-dependent structur-
al changes have been only reported for photoreceptive proteins, no
other general membrane proteins at present, suggesting technical diffi-
culty. Nevertheless, further technical improvement is desired to moni-
tor protein responses of channels, transporters and receptors in the
presence of membrane potential. Many catalytic reactions take place
at membrane surface, and membrane extraction of a small G protein
by GDP dissociation inhibitor has been recently reported [62]. The
same group proposed universal method for protein immobilization on
the germanium ATR cell surfaces [63], by which protein structural
changes in the protein monolayer upon various stimuli can now be
monitored by difference FTIR spectroscopy without metal surface. It
should be noted that difference ATR-FTIR spectroscopy is less advanta-
geous to monitor dynamical structural changes upon stimuli, though
light stimuli provide good time resolution. However, combination
of rapid buffer-exchange system and step-scan time-resolved FTIR

spectroscopy allows dynamical protein response upon chloride binding
to halorhodopsin [64], which would be a potential method for general
membrane proteins. These technical progresses in ATR-FTIR spectrosco-
py will be used for better understanding of membrane proteins in
function.
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