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V-ATPases function as ATP-dependent ion pumps in various mem-
brane systems of living organisms. ATP hydrolysis causes rotation
of the central rotor complex, which is composed of the central axis
D subunit and a membrane c ring that are connected by F and d
subunits. Here we determined the crystal structure of the DF com-
plex of the prokaryotic V-ATPase of Enterococcus hirae at 2.0-Å
resolution. The structure of the D subunit comprised a long left-
handed coiled coil with a unique short β-hairpin region that is
effective in stimulating the ATPase activity of V1-ATPase by two-
fold. The F subunit is bound to the middle portion of the D subunit.
The C-terminal helix of the F subunit, which was believed to func-
tion as a regulatory region by extending into the catalytic A3B3

complex, contributes to tight binding to the D subunit by forming
a three-helix bundle. Both D and F subunits are necessary to bind
the d subunit that links to the c ring. From these findings, we mod-
eled the entire rotor complex (DFdc ring) of V-ATPase.

Ion-transporting rotary ATPases are divided into three types
based on their function and taxonomic origin: F-, V-, and A-type

ATPases. F-ATPases function as ATP synthases in mitochondria,
chloroplasts, and oxidative bacteria (1). V-ATPases function as
proton pumps in the membranes of acidic organelles and plasma
membranes of eukaryotic cells (2). A-ATPases in archaea func-
tion as ATP synthases similar to the F-ATPases (the “A” designa-
tion in A-type refers to archaea), although the structure and
subunit composition of A-ATPases are more similar to those of
V-ATPases (3). These ATPases possess an overall similar struc-
ture that is composed of a hydrophilic catalytic portion (F1-, V1-,
or A1-ATPase) and a membrane-embedded ion-transporting
portion (Fo-, Vo-, or Ao-ATPase), and they have a similar reac-
tion mechanism that occurs through rotation (2).

V-ATPases are found in bacteria, such as Thermus thermophilus
and Enterococcus hirae. In T. thermophilus, V-ATPase physiologi-
cally functions as an ATP synthase (4). Therefore, it has some-
times been called an A-ATPase, although T. thermophilus is a
eubacterium that does not belong to archaea (5). However, the
E. hirae V-ATPase acts as a primary ion pump (6), which trans-
ports Naþ or Liþ instead of Hþ (7). The enzyme is composed of
nine subunits (Eh-A, -B, -d, -D, -E, -F, -G, -a, -c; previously de-
signated as NtpA, -B, -C, -D, -E, -G, -F, -I, -K) having amino acid
sequences that are homologous to those of the corresponding
subunits (A, B, d, D, E, F, G, a, c) of eukaryotic V-ATPases (7)
(see Fig. 1). The core of the V1 domain of this ATPase is com-
posed of a hexameric arrangement of alternating A and B sub-
units responsible for ATP binding and hydrolysis (8). The Vo
domain, in which rotational energy is converted to drive Naþ
translocation, is composed of oligomers of the 16-kDa c subunits
and an a subunit (9, 10). The V1 and Vo domains are connected
by a central stalk, which is composed of D, F, and d subunits, and
two peripheral stalks, which are composed of E and G subunits of

V1 (8, 11) (Fig. 1). ATP hydrolysis induces the rotation of the
central stalk (DFd complex) and an attached membrane c ring,
which causes ion pumping at the interface between the c ring and
a subunit (9). To understand the precise function and rotational
mechanism of V-ATPase, the details of these subunit structures
and their subunit–subunit interactions should be elucidated.

The crystal structures of several subunits (C and F) and sub-
complexes (A3B3 and EG) of T. thermophilus V-ATPase have
been obtained at high resolution (5, 12–14). The crystal structure
of the Tt-A3B3DF complex of the ATP synthase was recently
obtained, although the structure was built as a polyalanine model
at 4.5-Å resolution, and the foot portion (residues 56–131) of
the axial D subunit was missing (15). Thus, the atomic structure
of the D subunit of V-ATPase has not yet been obtained at high
resolution, and the detailed functional and structural relation-
ships of the central stalk subunits have not yet been elucidated.
Here we report the crystal structure of the DF complex of E. hirae
V-ATPase at 2.0-Å resolution and the biochemical properties
of the axial complex such as subunit–subunit interactions. The
crystal structure revealed a unique β-hairpin region in the D
subunit, which was related to the ATPase activity. The structural
motif of the left-handed coiled coil of D subunit, which was sta-
bilized by binding to F subunit, was similar to the motifs of other
known rotary complexes including that of bacterial flagellum.

Results and Discussion
Sample Preparation and Crystal Structural Analysis. We previously
reported the in vitro reconstitution of the catalytic complex
(A3B3DF) of E. hirae V-ATPase from individual subunits, which
were expressed using Escherichia coli cell-free protein expression
system or were expressed in vivo in E. coli (16). Eh-D was un-
stable during purification. However, the Eh-DF complex was suc-
cessfully purified by the coexpression of both the Eh-D and Eh-F,
indicating that the binding of Eh-F stabilized Eh-D. The V1 com-
plex that was reconstituted using this Eh-DF showed high ATPase
activity equivalent to the native V1-ATPase, which was purified
from the cell membrane of E. hirae by EDTA treatment (16). In
this study, we crystallized the selenomethionine derivative of the
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Eh-DF. The V1 complex with the labeled Eh-DF retained a simi-
lar level of ATPase activity (Table 1). The initial phases were de-
termined by multiwavelength anomalous diffraction method
(MAD) and refined up to 2.0-Å resolution. Data collection and
refinement statistics are summarized in Table S1. The final model
contains residues 7–194 of Eh-D and 1–101 of Eh-F, 152 water
molecules, and a nitrate ion at the crystal contact site.

Overall Structure of the DF Complex. The overall structure of the
Eh-DF is shown in Fig. 2A. The structure of Eh-D comprises
a long pair of α-helices (approximately 100 Å) having N-terminal
residues 9–69 and C-terminal residues 127–193, which are twisted
into a left-handed coiled coil. The remaining part (residues 70–
126) of the Eh-D is composed of a short β-hairpin region formed
by residues 89–108, and two flexible loops (residues 82–88 and
114–126) with two short α-helices (residues 74–81 and 111–113),
which as a whole connect the two long α-helices (Fig. 2B). Eh-F is
bound to the middle portion of Eh-D (Fig. 2A). The N-terminal
domain is composed of an α/β-fold with four β-strands (β1, 4–8;
β2, 23–25; β3, 45–51; β4, 72–76) and three α-helices (H1, 11–20;
H2, 30–42; H4, 59–66). The four β-strands are parallel to each
other and separated by the three α-helices (Fig. 2C). The N-term-
inal domain is connected by a flexible loop (residues 77–84) to a
C-terminal α-helix (residues 85–97), which forms a three-helix
bundle with the coiled coil of Eh-D (Fig. 2A). The dissociation
constant (Kd) of the Eh-A3B3D and Eh-F was estimated to be
3.2 nM by surface plasmon resonance analysis (Fig. S1A). The
contact surfaces of the two subunits are about 2;000 Å2 and con-
stituted of hydrophobic interactions on center of the buried sur-
face, 16 hydrogen bonds, and three salt bridges on periphery of
the buried surface (Fig. S1B) (except a hydrogen bond between

L143 of Eh-D and Y49 of Eh-F which is located inside the buried
surface).

Structure and Function of the D Subunit.The long coiled-coil helices
(residues 1–55, 132–205) of the D subunit (Tt-D) of the T. ther-
mophilusV1-ATPase were modeled as polyalanine in the electron
density map at 4.5-Å resolution (15). The twisted structure is
similar to that of Eh-D (Fig. 3A). The two structures can be super-
imposed with an rmsd of 2.35 Å for 79 Cα atoms. The amino acid
sequences of these regions are similar to those of V- and A-AT-
Pases (Fig. S2). The middle portion of the coiled coil, in particu-
lar, is highly conserved, as shown in Fig. 3B. This region is formed
mainly by the hydrophobic residues, A22, G25, L28, L29, K30,
K32, L36, I160, T163, R165, R166, V167, N168, A169, E171, and
I175. Thus, the coiled-coil structure seems to be conserved in eu-
karyotic V-ATPases and A-ATPases. The short β-hairpin region
(residues 89–108) in the middle portion of Eh-D has not been
interpreted in the reported structure of Tt-D (15). The superim-
posed structure (Fig. 3A) shows that the β-hairpin region seems to
make contact with the C-terminal domain of Tt-A and/or Tt-B,
implying that this region is important for the ATPase activity of
the V1-ATPase.

We found a strong similarity between Eh-D and γ-subunit of
bovine F1-ATPase [Protein Data Bank (PDB) ID: 1E79] using the
DALI server (17). The left-handed coiled-coil structures are
similar to each other, although no apparent sequence similarity
between these subunits has been observed, and the remaining
parts of these subunits show no structural similarities (18)
(Fig. S3A). The coiled-coil structure is also similar to that of FliJ,

Table 1. ATPase activity of the Eh-A3B3 and Eh-A3B3D
complexes with excess of the following proteins

Eh-A3B3 + excess of
following protein

ATPase activity
μmol Pi∕min per mg A3B3

Ratio
%

No addition 0.6 ± 0.1
Eh-DF 7.3 ± 0.5 100
SeMet labeled Eh-DF 7.6 ± 0.7 104
Eh-DmF 3.4 ± 0.3 47

EhA3-B3D + excess of
following protein

ATPase activity
μmol Pi∕min per mg A3B3D

Ratio
%

No addition 6.2 ± 0.4 100
Eh-F 7.5 ± 0.6 121
Eh-FΔCα 6.0 ± 0.6 97
Eh-F + Eh-d 7.3 ± 0.4 118

SeMet, selenomethionine.
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Fig. 2. Structure of the DF complex of the E. hirae V1-ATPase. (A) Cartoon
representation of the Eh-DF complex. Eh-D and Eh-F are shown in green
and dark red, respectively. (B) Eh-D is presented in blue to red from N to
C terminus. (C) Eh-F is colored in the same manner as in B.
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which is a component of the flagellar type III protein export
apparatus (19) (Fig. S3B). Thus, the antiparallel, left-handed
coiled-coil structure seems to be conserved in these rotary com-
plexes, but the β-hairpin region of Eh-D is unique and seems to
be important for specific functions of V-ATPases.

Function of the β-Hairpin Region of the D Subunit.To understand the
function of the β-hairpin region of Eh-D, we synthesized a dele-
tion mutant that lacked the β-hairpin region (residues 90–108)
and replaced two linker residues as “GS” (Fig. 3A and Fig. S2)
and purified the mutated Eh-D (Eh-Dm) with Eh-F.We could not
purify Eh-Dm without Eh-F, indicating that these two subunits
made a stable complex similar to the wild-type Eh-DF complex.
We assessed the binding affinity of the Eh-DmF to Eh-A3B3 and
its effect on the ATPase activity. The Kd of the Eh-DmF inter-
acting with the Eh-A3B3 was approximately 4.6 nM, whereas that
of the wild-type Eh-DF was approximately 0.8 nM (Fig. S4 A
and B), indicating that the β-hairpin region was not essential
for the binding of the Eh-DF to the Eh-A3B3. The Km for the
ATP of the Eh-A3B3DmF complex was similar to that of the wild-
type complex (Fig. S4C andD). However, the maximal velocity of
the ATPase activity for the mutant complex decreased to approxi-
mately half compared with that of the wild-type V1-ATPase
(Table 1 and Fig. S4 C and D). These findings indicate that the
β-hairpin region is not essential for ATPase activity, but it stimu-
lates the activity approximately two times.

Structure and Function of the F Subunit. The overall structure of the
Eh-DF complex is similar to that of the T. thermophilus V1-AT-

Pase at 4.5-Å resolution (rmsd ¼ 2.44 Å for 60 Cα atoms of F
subunit) (15). The C-terminal region of Eh-F, which forms a
three-helix bundle with the coiled coil of Eh-D, seems to make
contact with the C-terminal domain of Tt-B (Fig. 4A), implying
that the C-terminal α-helix plays an important role in V1-ATPase
activity. The crystal structure of Tt-F has been solved at 2.2-Å
resolution, and the structure was interpreted as an artificial do-
main-swapped dimer in the extended form (13). The C-terminal
portion containing the C-terminal α-helices and β4-strand (resi-
dues 75–109) of Tt-F was shown to change its conformation into
an extended form in the presence of ATP (13). In contrast, the
structure of the F subunit (Mm-F) of the A-type ATP synthase
of Methanosarcina mazei obtained by NMR indicated that the
C-terminal α-helix region (without β4) solely was in an extended
form and fluctuating (20). In addition, the low-resolution struc-
ture of the F subunit of yeast V-ATPase obtained by small-angle
X-ray scattering also indicated that the C-terminal α-helix had
an extended conformation (21). We compared these structures
of the F subunit with that of the T. thermophilus V1-ATPase
(Fig. 4B). The N-terminal portions (α1–3, β1–3) of all of the
structures are similar to each other. The C-terminal portion that
contains β4 of the extended form of the T. thermophilus F subunit
seems to make contact with Tt-B. On the other hand, the shorter
C-terminal portion without β4 of the Mm-F seems to make con-
tact with a different Tt-B (Fig. 4B).

Function of the C-Terminal α-Helix of the F Subunit. To elucidate the
function of the C-terminal portion of the F subunit in V1- or A1-
ATPase, we constructed two deletion mutants that were deleted
from the β4-strand (Eh-FΔβ4Cα) and from the C-terminal α-helix
(Eh-FΔCα), as shown in Fig. 4C. The shorter F mutant (Eh-
FΔβ4Cα) formed an inclusion body and could not be purified.
Eh-FΔCα could be expressed and purified. However, when both
Eh-FΔCα and Eh-D were expressed, the Eh-D formed an inclu-
sion body and could not be purified as a complex, indicating that
the C-terminal helix of Eh-F was important for binding to Eh-D.
The binding affinity (Kd ¼ 520 nM; Fig. S5) between Eh-A3B3D
and Eh-FΔCα decreased approximately 160 times compared
with that in wild-type Eh-F (Kd ¼ 3.2 nM; Fig. S1). The ATPase
activity of the Eh-A3B3 was stimulated by approximately 20%
on the addition of excess purified Eh-F (Table 1), which was also
observed in the studies of the T. thermophilus V1-ATPase (22).
However, the addition of excess Eh-FΔCα did not further affect
the ATPase activity (Table 1). Thus, the C-terminal α-helix of the
F subunit is important for tight binding to the D subunit and for
the stimulation of ATPase activity, but it probably does not under-
go any conformational changes for the regulation of the activity.

Coupling of the DF Complex and the d Subunit. The crystal structure
of a C subunit (corresponding to the d subunit) of the T. thermo-
philus V1-ATPase has been solved at 1.95-Å resolution (12).
Cross-linking experiments revealed that the C subunit (Tt-d) is
attached to both the F subunit and the membrane ring. There-
fore, this subunit seems to act as a socket for the attachment of
the central stalk subunits of V1-ATPase onto the membrane ring
of Vo-ATPase (12) (Fig. 1). Here we examined the protein–
protein interactions between V1-ATPase and the d subunit by
using the Biacore system. We used the Eh-A3B3D as the ligand
on the Biacore chip. When Eh-d was passed over this chip, on
which the Eh-A3B3D was fixed, no interaction signal was de-
tected (Fig. S6A). However, an interaction signal was obtained
after binding Eh-F on the Eh-A3B3D (Fig. S6A), indicating that
Eh-d interacted with the Eh-DF. The Kd value was estimated as
82 nM (Fig. S6B). We did not observe any binding interactions
between the Eh-F and Eh-d by gel filtration or the Biacore assay,
in which Eh-d was fixed onto the chip. Therefore, we concluded
that the Eh-d interacts with the Eh-DF complex.
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Fig. 3. Structural similarity of the D subunit. (A) Superimposed structures of
Eh-D (green) and Tt-D (gray) of V1-ATPase from T. thermophilus (PDB ID
3A5D). The adjacent Tt-A is shown in blue. The β-hairpin region (residues
90–108) that was deleted in mutation experiments is shown in the red-dotted
box. (B and C) Conserved residues of the D subunit. The figures were gener-
ated using ConSurf (35). Residues are colored in accordance with conserva-
tion among the aligned amino acid sequences of the D subunit from seven
species in Fig. S2.
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The crystal structure of Tt-d has threefold pseudosymmetry
and a cone-like shape (12). The sequence of Eh-d is 22% iden-
tical and 55% similar to that of the Tt-d, and it is likely to have a
similar structure (Fig. S7A). The Eh-d structure was created by
homology modeling according to the template structure of Tt-d
(PDB ID 1R5Z) using the LOOPP (Learning, Observing, and
Outputting Protein Patterns) server (23) (Fig. 5B and Fig. S7B).
The homology model exhibited considerably different electro-
static potentials on the surface from that of the template struc-
ture: The surface of Eh-d except the concave face was rich in
acidic amino acids (Fig. 5B and Fig. S7 C and D). The electro-
static potential of the bottom of the Eh-DF was also acidic,
whereas only small portion in the concave face of the Eh-d was
basic (Fig. 5 A and B). Therefore, the acidic bottom of Eh-DF
was docked manually in this small basic pit of Eh-d (Fig. 5D).

Most of the surfaces of both Eh-DF and Eh-d were acidic, imply-
ing that the binding at these surfaces is inhibited by electrostatic
repulsion. The binding affinity (Kd ¼ 82 nM) of Eh-d and Eh-DF
was lower compared with other subunit–subunit interactions
(A3B3-D, Kd ¼ 0.8 nM; A3B3D-F, Kd ¼ 3.2 nM). Previous stu-
dies on eukaryotic V-ATPases showed that the enzyme was regu-
lated by the reversible dissociation and reassociation of V1-ATPase
(2). The weak interaction between the DF complex and d subunit
might be responsible for the unique regulation of V-ATPases.

We have solved the crystal structure of the membrane Eh-c ring
previously (9). The electrostatic potential of the central cavity of
the membrane Eh-c ring was basic (Fig. 5C). Therefore, the acidic
convex face of the Eh-d is expected to bind to this basic cavity.
The Eh-d was docked manually into the Eh-c ring, where the con-
vex face of the Eh-d penetrates deeply into the central cavity

A CB D

90°

90° 90°

Top

Bottom

Fig. 5. Electrostatic potential of the rotor complex. The electrostatic potential surfaces were calculated using APBS (36) andmapped at contouring levels from
−3 kT (blue) to 3 kT (red). (A) Eh-DF (Upper, bottom view; Lower, side view). (B) Homology modeled Eh-d (Upper, top view; Lower, side view). (C) Eh-c ring
(Upper, top view; Lower, side view). (D) The model of the entire rotor complex.

A

C

B

Fig. 4. Structural similarity of the F subunit. (A) Superimposed structures of Eh-F (dark pink) and the F subunit (cyan) of V1-ATPase from T. thermophilus (PDB ID
3A5D). The adjacent Tt-B is shown in violet. (B) Structures of Tt-F (orange) extended form (PDB ID 2D00) and Mm-F (green) are superimposed in A. (C) The
sequence alignment of the F subunits from different species (E. hirae, T. thermophilus HB8, Methanosarcina mazei Gö1, Saccharomyces cerevisiae, and Homo
sapiens). The secondary structures of Eh-F are shown above the sequence. The deleted regions of the mutations are indicated in the green box.
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of the ring, according to our previous docking model of Tt-d and
Eh-c ring (9). In Fig. 5D, we show this current structure model of
entire rotor complex of V-ATPase. Recently, an interesting model
was reported based on the asymmetric structure of averaged cryo-
EM images of T. thermophilus V-ATPase, where the convex face
of the Tt-d penetrates only slightly into the Tt-c ring with the nar-
rowest point of Tt-d contacting one edge of the ring (24). This
feature seems to be important for the coupling mechanism of
V-ATPases. Further investigation for protein–protein interactions
between Eh-d and Eh-c ring will be needed to elucidate this
aspect.

Materials and Methods
Protein Preparation. An E. coli cell-free protein expression system, as de-
scribed elsewhere (25), was used to synthesize the Eh-d, -F, and -DF polypep-
tides using plasmids harboring the corresponding genes or a mixture of
plasmids for two genes. We used selenomethionine to synthesize the Eh-DF
to facilitate X-ray crystallographic analysis. More than 15 mg of the complex
was synthesized with this system, using 27 mL of the reaction solution in the
presence of 0.1 mg of plasmids (25). The expressed protein was purified as
previously described (11). The mutagenesis of Eh-D and -F were performed
using the QuikChange site-directed mutagenesis kit (Agilent Technologies).
We expressed Eh-A, -B, and -D in E. coli and purified according to a previous
report (16). Eh-D was unstable during purification, and we could not concen-
trate it to more than 0.1 mg of protein per mL. Therefore, a low concentra-
tion of purified Eh-D was immediately reconstituted with Eh-A3B3 to form
the Eh-A3B3D complex. The Eh-A3B3DF complex was reconstituted according
to a previous report (16).

Binding Assay by Surface Plasmon Resonance. The Biacore T100 protein inter-
action analysis system and sensor chips were obtained from GE Healthcare.
Eh-B was purified without treatment with tobacco etch virus (TEV) protease,
thereby retaining the His6-tag. Using this His-tagged B subunit, the Eh-A3B3

(or Eh-A3B3D) was reconstituted in the presence of adenosine 5’-[β,γ-imido]
triphosphate, as reported previously (16), and it was immobilized as a ligand
on a sensor chip to bind His-tagged proteins (Series S sensor chip NTA; GE
Healthcare). Then, several subunits or complexes made contact with the chip
as analytes to detect any interaction with the proteins on the chip. Proteins
were used at concentrations ranging from 2 nM to 5.5 μM in a buffer (pH 6.5)
composed of 20 mMMES-Tris, 150 mMNaCl, 50 μM EDTA, and 0.005% Tween
20. Measurements were performed according to manufacturer’s instructions.
Kd was determined using the BIAevaluation software (version 1.1), which
employs the Langmuir isotherm model that assumes a 1∶1 binding stoi-
chiometry.

Crystallization of the Eh-DF Complex and Determination of Its Structure. The
selenomethionine-labeled crystals of the Eh-DF complex were obtained at
293 K by the sitting drop vapor diffusion method, which was achieved by
mixing 0.5 μL of protein solution [10 mg∕mL protein solution in 20 mM
Tris·HCl (pH 8.0), 150 mM NaCl, and 2 mM DTT] with 0.5 μL reservoir solution
[0.1 M MES-Tris (pH 6.5), 18% PEG-3350, and 0.2 M sodium nitrate].
X-ray diffraction datasets (wavelengths 0.9791, 0.9794, and 1.000 Å) were
obtained using an MX225HE X-ray CCD detector (Rayonix) at a cryogenic
temperature (100 K) on the beamline BL41XU at SPring-8 (Harima, Japan).
The collected datasets were indexed and integrated using Mosflm (ver.
7.0.4) and scaled using Scala from CCP4 packages (26). The crystal belonged
to the space group C2 with the following unit cell parameters: a ¼ 105.79,
b ¼ 68.43, and c ¼ 51.15 Å, and β ¼ 114.99°. A heterodimer was contained
in the crystallographic asymmetric unit (Vm ¼ 2.34 Å3∕Da, 47.4% solvent
content). The crystal structure of the Eh-DF complex was determined by
MAD method. Six out of 11 Se atoms were found using SOLVE/RESOLVE
(27). The overall figure of merit [FOM ¼ hΣPðαÞ expðiαÞ∕ΣPðαÞi, where PðαÞ
is the probability distribution for the phase (α)] was 0.42 after MAD phasing
and 0.60 after density modification. The initial model building was per-
formed automatically using ARP/wARP (28). The three-dimensional model
was manually modified using Coot (29) and iteratively refined using CNS
(Crystallography and NMR System) (30) and REFMAC5 (31). The Ramachan-
dran plot produced using RAMPAGE (32) revealed that 97.5% residues were
in the favored region, 2.5% in the allowed region, and 0.0% in the outlier
region. All molecular graphics were generated using PyMOL (http://www
.pymol.org/).

Other. ATPase activity was measured according to a previous report using the
ATP regeneration system (33). Protein concentrations were determined using
the DC Protein Assay Kit (Bio-Rad Laboratories) with bovine serum albumin
used as the standard. SDS-PAGE was performed according to Laemmli (34)
and stained with Coomassie brilliant blue. All other chemicals were obtained
from Sigma-Aldrich or Wako Pure Chemical Industries.
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