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Background: The functional role of the V-ATPase as a pH-sensing receptor remains unknown.
Results:N-terminal peptides from the a-subunit isoforms of theV-ATPasemodulate the enzymaticGEF activity of cytohesin-2.
Conclusion: V-ATPase is a novel cytohesin-signaling receptor.
Significance:These data reveal an evolutionarily conserved signaling process between V-ATPase, cytohesin-2, and Arfs, which
is crucial for understanding the cell biological functions of these proteins.

Previously, we reported an acidification-dependent interac-
tion of the endosomal vacuolar H�-ATPase (V-ATPase) with
cytohesin-2, aGDP/GTPexchange factor (GEF), suggesting that
it functions as a pH-sensing receptor. Here, we have studied the
molecularmechanismof signaling between theV-ATPase, cyto-
hesin-2, and Arf GTP-binding proteins. We found that part of
the N-terminal cytosolic tail of the V-ATPase a2-subunit (a2N),
corresponding to its first 17 amino acids (a2N(1–17)), potently
modulates the enzymatic GDP/GTP exchange activity of cyto-
hesin-2. Moreover, this peptide strongly inhibits GEF activity
via direct interaction with the Sec7 domain of cytohesin-2. The
structure of a2N(1–17) and its amino acids Phe5, Met10, and
Gln14 involved in interaction with Sec7 domain were deter-
mined by NMR spectroscopy analysis. In silico docking experi-
ments revealed that part of the V-ATPase formed by its
a2N(1–17) epitope competes with the switch 2 region of Arf1
and Arf6 for binding to the Sec7 domain of cytohesin-2. The
amino acid sequence alignment and GEF activity studies also
uncovered the conserved character of signaling between all four

(a1–a4) a-subunit isoforms of mammalian V-ATPase and cyto-
hesin-2.Moreover, the conserved character of this phenomenon
was also confirmed in experiments showing binding ofmamma-
lian cytohesin-2 to the intact yeast V-ATPase holo-complex.
Thus, herewehave uncovered an evolutionarily conserved func-
tion of the V-ATPase as a novel cytohesin-signaling receptor.

The vacuolar H�-ATPase (V-ATPase)6 is a multimeric com-
plex that functions as a proton-pumping rotary nanomotor.
The overall principle and structure of this nanomotor is con-
served throughout evolution, which allows its universal func-
tion in proton pumping and acidification of the extracellular
milieu as well as intracellular organelles in pro- and eukaryotic
organisms (1, 2). The biochemistry, cell biology, and patho-
physiology ofV-ATPasewere extensively reviewed by ourselves
and others (1–4). Recently, the structure of the Saccharomyces
cerevisiae eukaryotic holo-complex of intact V-ATPase was
solved at 11 Å resolution (5). This structure explains intrasu-
bunit interactions within the V-ATPase holo-complex and also
allows studies of its interaction with regulatory proteins. Previ-
ously, we reported an acidification-dependent interaction of
the endosomalV-ATPasewith cytohesin-2 andArf6 suggesting
that it functions as a pH-sensing receptor (6–8). Cytohesins are
Guanine nucleotide Exchange Factors (GEFs) for the ADP-ri-
bosylation factor (Arf) family, which belongs to the Ras super-
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family of GTP-binding proteins. Cytohesin-2 (also known as
ARNO) is a member of the cytohesin family, which includes
another three members as follows: cytohesin-1, cytohesin-3
(also called ARNO3 or GRP1), and cytohesin-4. These proteins
share common structures, containing the following four
domains: (i) an N-terminal coiled-coil; (ii) a central Sec7
domain; (iii) a pleckstrin homology domain; and (iv) a C-termi-
nal polybasic motif region. The conserved Sec7 catalytic
domain is responsible for Arf-GEF activity, which activates Arf
GTP-binding proteins involved in signaling and regulation of
the vesicular trafficking in both endocytic and exocytic path-
ways (9–13).
Both V-ATPase and cytohesins have been recently impli-

cated as essential regulators of signaling and trafficking in the
endosomal/lysosomal pathway upon activation of a broad
range of plasma membrane receptors. In particular, V-ATPase
itself and V-ATPase-driven acidification are required forWnt/
LRP6 (14) and Notch (15) receptor signaling, respectively.
Moreover, the V-ATPase is involved in amino acid sensing,
recruitment, and activation of the mammalian target of rapa-
mycin complex on lysosomal membranes via its interaction
with Rag (16). However, cytohesins have also been identified as
crucial cytoplasmic activators of EGFR/ErbB family receptors
that are involved in oncogenesis (17–19) and development of
diabetic nephropathy (20–22). Cytohesins were also recently
identified as crucial downstream effectors for the insulin-re-
ceptor signaling cascade (23, 24). These studies demonstrated
that defective cytohesin signalings give rise to insulin resistance
and consequent development of metabolic syndrome during
diabetes (25).
Given the importance of both theV-ATPase and cytohesin to

cellular signaling, we have been examining the potential rela-
tionship between the two proteins. In previous work from our
laboratory, we found that the V-ATPase itself functions as a
pH-sensing receptor in endosomes (6–8). In particular, it was
shown that a2-subunit isoform containing V-ATPase directly
interacts with cytohesin-2 and Arf family GTP-binding pro-
teins, recruiting these proteins to early endosomes in an acidi-
fication-dependent manner. Moreover, our recent study dem-
onstrated that cytohesin-2 directly interacts not only with the
a2-subunit but with all four (a1–a4) a-subunit isoforms of the
V-ATPase, indicating a widespread regulatory interaction
between V-ATPase and Arf family GTP-binding proteins (26).
However, the molecular mechanism and cell biological signifi-
cance of this phenomenon remain obscure. During the course
of this work, we identified two structural elements involved in
specific and high affinity association of the V-ATPase a2-sub-
unit isoform with cytohesin-2 as follows: (i) an N-terminal
binding motif formed by the first 17 amino acids a2N(1–17) of
the cytosolic N-terminal tail of a2-subunit (a2N), and (ii) an
interaction pocket formed by the catalytic Sec7 and regulatory
polybasic domains of cytohesin-2 (27). Biacore analysis
revealed a very strong binding affinity between this a2N(1–17)
peptide and the Sec7 domain of cytohesin-2, which was similar
to the binding affinity between full-length cytohesin-2 and the
complete a2N. We hypothesized that the a2N(1–17) peptide
could be involved in the signaling and regulation of the enzy-
matic GEF activity of cytohesin-2 (27).

Here, we have examined the molecular mechanism of bind-
ing and signaling between the V-ATPase, cytohesin-2, and Arf
GTP-binding proteins. We now report a novel function of the
V-ATPase as a signaling receptor that modulates activity of
cytohesin-2 and Arf GTP-binding proteins. Using a combina-
tion of NMR spectroscopy and in silico docking analysis, we
identified the structural basis andmolecular mechanism of this
novel signaling phenomenon. Our data also suggest that the
signaling betweenV-ATPase, cytohesin-2, andArf familyGTP-
binding proteins is an evolutionarily conserved and a wide-
spread phenomenon that may take place on a variety of mem-
branes and organelles from yeast to mammalian cells.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies

If not otherwise specified, all reagents were purchased from
Sigma. All buffers, NU-PAGE gels, and Lipofectamine 2000
transfection reagent were from Invitrogen. Western Light-
ning chemiluminescence reagent plus was obtained from
PerkinElmer Life Sciences. FluorSave reagent was from Calbi-
ochem. Rabbit polyclonal V-ATPase a2-subunit-specific anti-
bodies were previously described (6). Mouse monoclonal anti-
GFP (B-2) and anti-His6 antibodies were purchased from Santa
Cruz Biotechnology. Alexa 488-conjugated goat anti-mouse
antibodies were obtained from Invitrogen. Horseradish perox-
idase-conjugated sheep anti-mouse and anti-rabbit antibodies
were purchased from GE Healthcare. Peptide synthesis resins
and Fmoc-protected amino acids were purchased from EMD
Chemicals. Dimethylformamide, N-methylpyrrolidone, di-
chloromethane, piperidine, 2-(1H-benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate, 1-hydroxybenzo-
triazole, diisopropylethylamine, and trifluoroacetic acid were
purchased from American Bioanalytical. Diisopropyl carbodii-
mide, phenol, thioanisole, thiophenol, ethanedithiol, 4,6-di-
amidino-2-phenylindole (DAPI), M2-Sepharose, and 3�FLAG
peptide were from Sigma. Cytohesin inhibitor SecinH3 was a
gift from Dr. Sylvain Bourgoin or from Calbiochem. A mini-
extruder assembly was purchased from Avanti Polar Lipids.
GTP, GDP, and GTP�S were from Sigma, and [35S]GTP�S was
from PerkinElmer Life Sciences. Azolectin and phosphatidyl-
glycerol were purchased from Sigma. Phosphatidylcholine was
fromAvantiPolarLipids,andphosphatidylinositol4,5-bisphos-
phate (PIP2) was fromMatreya and Cayman Chemical.

cDNA Constructs

GST-tagged cytohesin-2 (triglycine variant) and the Sec7
domain of human cytohesin-2 (61–252 amino acids) were
cloned into a pGEX-6P-1 vector as described previously (26).
Truncated cytohesin-2 lacking the coiled-coil domain (61–400
amino acids) (CTH2(61–400)) was cloned into a pET-28a(�)
vector by restriction free cloning (28) including a His6 tag fol-
lowed by a tobacco etch virus protease site. Truncated
(�17)Arf1 and (�13)Arf6 proteins were cloned into a pET28b
vector. cDNA encoding full-length wild-typemouse V-ATPase
a2-isoform (g.i. 7363249) (29) was amplified using the Pfu-
TurboDNApolymerase (Stratagene) and subcloned intoNheI/
AgeI restriction sites of the pEGFP-N1 vector (Clontech) in-

Signaling between V-ATPase and Cytohesin-2

FEBRUARY 22, 2013 • VOLUME 288 • NUMBER 8 JOURNAL OF BIOLOGICAL CHEMISTRY 5897



frame with the C-terminal enhanced green fluorescent protein
(EGFP).

Peptides Synthesis, Labeling, and Purification

All peptides were synthesized, purified by HPLC, and ana-
lyzed by mass spectrometry in the MGH Peptide/Protein Core
Facility as follows. Peptides were synthesized on an automatic
peptide synthesizer (Applied Biosystems, Model 433A) by
using the manufacturer’s FastMoc chemistry cycles for Fmoc
solid-phase synthesis (30). To render the V-ATPase-derived
a2N(1–17) peptide soluble and cell penetrable, various versions
of polyethylene glycol- or TAT (YGRKKRRQRRR sequence)-
modified peptides were synthesized, and the final Fmoc group
was removed. Peptides were further coupled at the N terminus
(supplemental Table S1) with either biotin (in blue), (ii) fluores-
cein isothiocyanate (FITC) (in green), (iii) 5-carboxyfluorescein
(in green), or 5-carboxytetramethylrhodamine (in red). The
resin was then washed with dimethylformamide, dichloro-
methane, and methanol three times each and vacuum-dried.
Peptides were cleaved from the solid support and de-protected
using reagent K (TFA/phenol/thioanisole/water/ethanedithiol;
82.5:5.0:5.0:5.0:2.5 v/v) for 2.5 h at room temperature (31). Pep-
tides were precipitated using cold methyl tertiary butyl ether.
The precipitate was washed three times inmethyl tertiary butyl
ether, dissolved in a solvent (0.1% trifluoroacetic acid in 20%
acetonitrile, 80%water) followed by freeze drying. Peptide puri-
fication was performed on a semi-preparative system (Waters
Associates) using a Vydac C-18 reverse-phase column and
water/acetonitrile gradient consisting of 0.1% trifluoroacetic
acid giving rise to �95% purity. All purified peptides (see sup-
plemental Table S1) were characterized by Ultra-high pressure
liquid chromatography (UPLC) and matrix-assisted laser de-
sorption/ionization mass spectrometry (MALDI-MS). FITC-
TATwas also purchased fromAnaspec. Peptide stock solutions
were prepared in water at 5 mM concentration and stored at
�20 °C.

Recombinant Protein Expression and Purification

GST-tagged human cytohesin-2 was expressed in BL21/DE3
cells (Stratagene) and purified as described previously (26).
Cells were grown in LB at 37 °C. Expression of recombinant
protein was induced by addition of 1 mM isopropyl �-D-thioga-
lactopyranoside. Cells were disrupted by sonication in 50 mM

sodium phosphate buffer (pH 7.0), 300 mMNaCl, 1 mMMgCl2,
1 mM phenylmethylsulfonyl fluoride (PMSF), 0.5 mg/ml
lysozyme, protease inhibitor mixture (Roche Applied Science).
Lysate was centrifuged at 12,000 � g for 12 min. Supernatant
was centrifuged at 20,000 � g for 60 min. Supernatant was
applied to a PD10 column packed with glutathione-Sepharose
4B beads (GEHealthcare). The columnwaswashedwith 50mM

sodium phosphate buffer (pH 7.0), 300 mM NaCl. GST-tagged
human cytohesin-2 was eluted with 50 mM Tris-HCl (pH 7.7)
and 10 mM reduced glutathione and then further separated by
SuperdexTM200HR 10/30 pre-packed column (GEHealthcare)
using an AKTA purifier system (GE Healthcare).
The Sec7 domain of human cytohesin-2 (61–252 amino

acids) was expressed in BL21/DE3 cells and purified by sequen-
tial chromatography on TALON beads (Clontech) and gluta-

thione-Sepharose 4B beads (GE Healthcare) as described pre-
viously (26). The GST tag was cleaved using PreScission
ProteaseTM (GEHealthcare).MyristoylatedArf1 andArf6were
prepared as described previously (32). Arf1 was expressed in
BL21/DE3 together with yeast N-myristoyltransferase. Cells
were disrupted by sonication in 20 mM Tris-HCl (pH 8.0), 100
mM NaCl, 1 mM MgCl2, 1 mM dithiothreitol (DTT), and 1
mg/ml lysozyme, protease inhibitor. The lysate was clarified by
centrifugation at 100,000 � g for 60 min at 4 °C. The superna-
tant was loaded onto a 5-ml HiLoad Q column. Arf1 was eluted
with 20 mM Tris-HCl (pH 8.0), 100 mM NaCl, 1 mM MgCl2, 1
mM DTT, 10%(v/v) glycerol. The fractions containing Arf1
were loaded onto a Sephacryl column. The fractions containing
Arf1 were pooled. The protein solution was concentrated, and
buffer was exchanged to 20 mM Tris-HCl (pH 8.0), 3 M NaCl, 1
mM MgCl2, 1 mM DTT by ultrafiltration. Myristoylated Arf1
(myr-Arf1) was isolated using a phenyl-Sepharose HP column.
The columnwas developed in a gradient of 3 M to 100mMNaCl.
NU-PAGE analysis shows �95% purity of myr-Arf1 (Fig. 1A).
Arf6 was expressed in BL21/DE3 together with yeastN-myr-

istoyltransferase. Cells were disrupted by sonication in 20 mM

Tris-HCl (pH 8.0 at 4 °C), 100 mM NaCl, 1 mM MgCl2, 1 mM

DTT, 10% glycerol, 1 mg/ml lysozyme, protease inhibitor. The
lysate was centrifuged at 100,000 � g for 60 min. The precipi-
tate was resuspended in 20 mM Tris-HCl (pH 8.0 at 4 °C), 100
mM NaCl, 1 mM MgCl2, 1 mM DTT, 10% glycerol, 1% Triton
X-100. The lysate was clarified by centrifugation at 100,000� g
for 60 min, and 10 �M GDP was added to the supernatant.
Myristoylated Arf6 (myr-Arf6) was precipitated in 35% satura-
tion ammonium sulfate, dissolved in 20mMTris-HCl (pH 8.0 at
4 °C), 25 mM NaCl, 1 mM MgCl2, 1 mM DTT, 1% (w/v) Triton
X-100, 10% (v/v) glycerol, 10 �MGDP, and dialyzed against the
same buffer. Myristoylated Arf6 was loaded on 5-ml HiTrapTM
Q column and eluted with the same buffer. NU-PAGE analysis
shows �95% purity of myr-Arf6 (Fig. 1A).
Truncated (�17)Arf1 and (�13)Arf6 proteinswere expressed

in BL21/DE3 cells grown in LB at 37 °C. Expression of recom-
binant proteins was induced by addition of 1mM isopropyl�-D-
thiogalactopyranoside. Cells were disrupted in 20mMTris-HCl
(pH 8.0 at 4 °C), 100 mM NaCl, 1 mM MgCl2, 1 mM DTT, 10%
glycerol, 1 mg/ml lysozyme, protease inhibitor. Lysates were
centrifuged at 12,000 � g for 12 min. The supernatants were
centrifuged at 100,000� g for 60min andwere separated by gel
filtration (HiLoad 16/600 Superdex 75 pg). Purified (�17)Arf1
and (�13)Arf6 proteins were �95% pure according to
NU-PAGE analysis (data not shown). To load (�17)Arf1 and
(�13)Arf6 with GDP, both recombinant proteins were incu-
bated with 10-fold GDP and 2 mM EDTA. Excess GDP was
removed using a column packed with Sephadex G-25M.

GEF Activity Assays

We used two assays to determine the GDP/GTP exchange
activity of both full-length cytohesin-2 and Sec7 domain.
Radiolabel-based Assay—This assay allows the steady-state

enzymatic GEF activity analysis of full-length cytohesin-2 or
Sec7 domain with Arf1 and Arf6 in the presence of PIP2-con-
taining liposomes (33). Phospholipid vesicles were prepared by
the extrusionmethod (34). The lipids were dissolved in chloro-
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form. A film of phospholipids was formed by evaporating chlo-
roformandwas resuspended in 50mMHepes (pH7.5) and 1mM

DTT. The suspensionwas subjected to three freeze-thaw cycles
and then passed through a 0.1-�m pore size polycarbonate fil-
ter (Millipore). For time course measurements, recombinant
myristoylated myr-Arf1 or myr-Arf6 was diluted to 1 �M in a
buffer containing 50 mMHepes (pH 7.5), 1 mMMgCl2, 100 mM

KCl, 1 mM DTT, and indicated lipid vesicles. Reactions were
initiated by addition of 50 nM cytohesin-2 or Sec7 and 4 �M

[35S]GTP�S and incubated at 37 °C. At the indicated times, ali-
quots (20 �l) were diluted into 2 ml of a buffer containing 20
mM Hepes (pH 7.5), 10 mM MgCl2, 100 mM KCl to stop the
reaction. Proteins were trapped on nitrocellulose filters. The
radioactivity was quantified after washing the filters three times
with 2 ml of stop buffer. To test the effect of peptides, the 500
nM aliquots of cytohesin-2 or Sec7 were incubated with pep-
tides (10-fold concentration shown on Figs. 1 and 6) for 10 min
before the reactions were initiated. Reactions were continued
for 2min in the presence of 1.5mg/ml azolectin withmyr-Arf1.
Alternatively, reactions were carried out for 30min in the pres-
ence of 1mg/ml liposomes containing 65% (w/w) phosphatidyl-
choline, 30% (w/w) phosphatidylserine, and 5%(w/w) PIP2 with
myr-Arf6. To test the effects of SecinH3, the assays were per-
formed as described above, and SecinH3 was diluted with 4%
DMSO. Titration with SecinH3 was performed up to a 200 �M

concentration, due to its limited solubility in GEF activity
buffer.
Tryptophan Fluorescence-based GTP�S Binding Assay—In

this assay, exchange was followed in real time. Truncated
(�17)Arf1 and (�13)Arf6 were prepared as described (35) for
the assay. These are soluble in both GDP- and GTP-bound
forms (myr-Arf-GTP requires a hydrophobic surface for stabil-
ity) allowing exchange to occur in the absence of lipid or deter-
gent, which is desirable because lipid or detergent can scatter
light and possibly confound interpretation of changes in fluo-
rescence. To monitor tryptophan fluorescence, the fluorescent
spectra of (�17)Arf1 in GDP-bound and GTP�S-bound forms
were obtained at an excitation wavelength of 285 nm using a
PTI spectrofluorimeter. The maximum difference was
observed at 335 nm (Fig. 2A).Measurementswere performed at
37 °C in 50 mM Hepes-KOH, 100 mM KCl, 1 mM MgCl2, 1 mM

DTT, 10 �M GTP�S, 1 �M (�17)Arf1 or (�13)Arf6, and 10 nM
Sec7 domain. All titration experimentswere started by addition
of mixture containing GTP�S, Sec7, and a2N(1–17) peptide or
SecinH3 inhibitor (as shown on Fig. 2). Data were fitted by
single exponential curve and analyzed using Microsoft Excel.

Circular Dichroism Spectroscopy and Secondary Structure
Content of a2N(1–17)

For structure determination, the biotin-a2N(1–17)-TAT
peptide (see supplemental Table S1) was dissolved in 25 mM

phosphate buffer (pH 6.5) and 300mMNaCl at a concentration
of 1 mg/ml. The secondary structure of the a2N(1–17) peptide
was determined from circular dichroism (CD) spectra. Steady-
state CD spectra were measured in the far UV-light (190–260
nm) using a Chirascan spectropolarimeter (Applied Photo-
physics). Spectra were collected in a 60-�l quartz cell (Hellma)
with a path length of 0.1mm, at 20 °C, and a step resolution of 1

nm.The readingswere an average of 2 s at eachwavelength, and
the recorded ellipticity values were the average of three deter-
minations for each sample. The spectrum for the buffer was
subtracted from the spectrum of the peptide. CD values were
converted to mean residue ellipticity (�) in units of degree
cm2 � dmol�1 using the software Chirascan Version 1.2
(Applied Photophysics). This base-line corrected spectrumwas
used as input for computer methods to obtain predictions of
secondary structure. To analyze the CD spectrum, the follow-
ing algorithms were used: Varselec (36), Selcon (37), Contin
(38), and K2D (39). All methods were incorporated into the
program Dicroprot (40) and Neural Net (41).

NMR Spectroscopy

All NMR experiments were performed on a Bruker DRX 600
MHz spectrometer equipped with a cryoprobe. The biotin-
a2N(1–17)-TAT peptide was dissolved at a concentration of 2
mM in 25 mM phosphate buffer (pH 6.5) and 300 mM NaCl for
determination of NMR structure in solution. Total correlation
spectroscopy (TOCSY) and nuclear Overhauser effect spec-
troscopy (NOESY) of the peptide were recorded with mixing
times of 80 and 300 ms, respectively, at a temperature of 25 °C.
TopSpin (Bruker Biospin) and Sparky Suite (42) of programs
were used for spectra processing, visualization, and peak pick-
ing. By using standard procedures for sequential assignment
based on homonuclear TOCSY and NOESY experiments, all
the residues of the peptide were assigned. Standard procedures
based on spin-system identification and sequential assignment
were adopted to identify the resonances (43). Interproton dis-
tances were obtained from the NOESY spectra. NOESY peaks
were categorized as strong, medium, and weak based on the
signal intensity and were translated into distance constraints as
3.0, 4.0, and 5.0 Å, respectively. Dihedral angle restraints as
derived from torsion angle likelihood obtained from shift and
sequence similarity (TALOS) (44) were employed to generate
the three-dimensional structure of the peptide in the CYANA
2.1 package (45).

NMR Binding Studies

Interaction studies between Sec7 domain and a2N(1–17) as
well as Sec7 and Vph1p(1–388) were performed using highly
precise and reproducible NMR spectroscopy. Experiments
were performed on a Bruker Avance 600 machine using Top-
spin for acquisition and processing of spectra. Respective spec-
tra were overlapped to monitor chemical shift changes, and
further analysis was done in SPARKY (42).

In Silico Sec7 and a2N(1–17) Docking Experiments

The AutoDock Version 4 and AutoDock 4 Tools programs
(The Scripps Research Institute) were used for docking of
a2N(1–17) peptide to the Sec7 domain (46, 47). Spatial struc-
ture of Sec7 domain was taken from the crystal structure of the
complex of Sec7/Arf1 with brefeldin A as a stabilization agent
(Protein Data Bank code 1S9D) (48), and all water molecules
were removed from the Sec7 structure. The NMR structure of
a2N(1–17) in solution was also used for these docking experi-
ments (Fig. 3E). The Sec7 domain structure was rigid during
docking. All backbone torsions in the helical part of a2N(1–17)
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were also treated as nonrotatable, although most of other tor-
sions were rotatable. The Sec7 domain was covered by eight
grids with 126 � 126 � 126 grid points and the default grid
spacing of 0.375 Å. For each grid, the 1,000 runs of the
Lamarckian genetic algorithm with default settings were per-
formed. Thus, in total 8,000 blind and random in silico docking
experiments have been done. All docking results were sorted by
final docked energy. The contact areas for peptide residues
were estimated with PyMOL Version 1.4 software (47) as a dif-
ference between solvent-accessible areaswithout Sec7 andwith
Sec7. Final docking complexes are shown for Arf1/Sec7/
a2N(1–17) (see supplemental Movie S1) and Arf6/Sec7/
a2N(1–17) (supplemental Movie S2).

Purification of Organelles and V-ATPase Holo-complex

Isolation of rat andmouse kidney proximal tubules and early
endosomes was performed as described previously (6, 49).
Yeast vacuolar membranes were isolated, and the yeast V-
ATPase holo-complex was purified by elution from the
M2-Sepharose matrix with 3�FLAG peptide as described pre-
viously (5).

PAGE and Western Blot Analysis

Expression and integrity of endogenous full-length V-
ATPase a2-subunit in purified kidney proximal tubules and
early endosomes was analyzed by NU-PAGE andWestern blot
analysis as described previously (6). Expression and integrity of
recombinant full-length a2-EGFP in HeLa cells was also ana-
lyzed by NU-PAGE and Western blotting. Briefly, overexpres-
sion of a2-EGFP was performed for 1 day using Lipofectamine
2000 transfection reagent. Total cell lysates were prepared,
resolved byNU-PAGE, and analyzed byWestern blotting using
anti-GFP (B-2, 1:500) antibodies. Analysis of yeast V-ATPase
integrity and its interaction with CTH2(61–400) was per-
formed by SDS-PAGE and Western blot analysis as described
previously (5). Briefly, yeast V-ATPase immobilized on the
M2-Sepharose matrix was mixed with a large excess of recom-
binant CTH2(61–400) protein. Binding step was followed by
four extensive washes to remove unbound CTH2(61–400) and
contaminating proteins from the solubilized yeast membranes
as described previously (6). Binding and co-purification of
CTH2(61–400) with the V-ATPase holo-complex during elu-
tion with 3�FLAG peptide was analyzed by SDS-PAGE and
confirmed by Western blotting with an anti-His6 antibody.

Immunocytochemistry and Confocal Microscopy Analysis

Overexpression of full-length mouse a2-EGFP was per-
formed for 1 day inMadin-Darby canine kidney cells grown on
premium glass coverslips in 6-well plates. Cells were rinsed in
PBS and fixed in PBS containing 4% paraformaldehyde for 20
min. After three rinses in PBS, cells were permeabilized by
treatment with 0.1% Triton X-100 in PBS for 10 min followed
by blocking with 2% BSA in PBS for 1 h. To increase the fluo-
rescence signal of the overexpressed recombinant protein, the
a2-EGFP was then detected with mouse monoclonal anti-GFP
(B-2) antibodies. Cells were incubated for 18 h at 4 °C with
anti-GFP (B-2) antibodies (1:200 dilution in 2% BSA/PBS).
After three PBS rinses, cells were incubated with Alexa 488-

conjugated goat anti-mouse antibodies (1:1,000 dilution in 2%
BSA/PBS). Nuclei were counterstained with 0.75 �M DAPI for
10 min. After three final PBS rinses, the coverslips were
mounted with FluorSave reagent. Confocal microscopy was
performed on a Nikon A1R laser scanning confocal micro-
scope. Images were analyzed usingVolocity Version 5 software.

Statistical Analysis

Data are presented as mean values, and error bars indicate
the mean � S.E. Statistical calculations were made using either
Microsoft Excel or SigmaStatTM version 3.0 statistical software.
The values of IC50were calculated using a four-parameter logis-
tic function with Microsoft Excel.

RESULTS

Signaling of a2-subunit V-ATPase with Cytohesin-2 and Arf
GTP-binding Proteins

To test the potential signaling between V-ATPase and cyto-
hesin-2/Arf GTP-binding proteins, we established a GEF activ-
ity assay for cytohesin-2(WT) and myr-Arf6(WT) and myr-
Arf1(WT) GTP-binding proteins (Fig. 1A). This assay allows
the steady-state enzymatic GEF activity analysis of full-length
cytohesin-2 or Sec7 domainwithmyr-Arf1 andmyr-Arf6 in the
presence of PIP2-containing liposomes (Fig. 1B). We synthe-
sized several soluble, cell-permeable, and fluorescently labeled
a2N(1–17)-derived peptides, which were used in our current
GEF activity and structural studies in vitro (see supplemental
Table S1). After testing their solubility and cell permeability,
the following V-ATPase-derived peptides were used: (i) FITC-
a2N(1–17)-TAT; (ii) biotin-a2N(1–17)-TAT; and (iii) a control
FITC-TAT peptide. Our GEF activity assays demonstrated that
FITC-a2N(1–17)-TAT, but not FITC-TAT, potently inhibits
the enzymatic activity of cytohesin-2 (IC50 	 0.9 �M) with both
myr-Arf6 (Fig. 1C) and myr-Arf1 (Fig. 1D) as a substrate. In
comparison, the SecinH3 small molecule, a known specific
inhibitor of the cytohesin-2 Sec-7 domain, inhibited its activity
with an IC50 �150 �M for myr-Arf6 (Fig. 1E) or IC50 �150 �M

formyr-Arf1 (Fig. 1F). Thus, these studies show that a2N(1–17)
peptide is a significantlymore potent (up to 100 times) inhibitor
of cytohesin-2 than SecinH3.
To analyze whether the a2N(1–17) peptide inhibits the GEF

activity of cytohesin-2 via its direct and high affinity interaction
with the Sec7 domain (27), a tryptophan fluorescence-based
GEF activity assay was also used. This assay allows real time
measurements of the GEF Sec7 domain-induced nucleotide
exchange. (�17)Arf1 and (�13)Arf6, which are soluble in the
GTP-bound form, were used as substrates, thereby eliminating
the need for phospholipid or detergent in the assay. This
approach eliminates the light scattering due to lipid or deter-
gent that could confound interpretation of the fluorescence
changes (50). Activation of (�17)Arf1 or (�13)Arf6 from the
GDP-bound form to theGTP�S-bound formwasmonitored by
tryptophan fluorescence (emission/excitation wavelengths of
285/335 nm) (Fig. 2A). Because recombinant (�17)Arf1 and
(�13)Arf6 were tagged with His6 on the N terminus, we first
determined whether the tag affected the enzymatic reaction.
The concentration dependence of GEF activity of the Sec7 for
both (�17)Arf1 and (�13)Arf6 demonstrated that the His6 tag
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FIGURE 1. Regulation of enzymatic GDP/GTP exchange activity of cytohesin-2 with myr-Arf6 and myr-Arf1 by V-ATPase-derived a2N(1–17) peptide on
a membrane interface. A, preparation of recombinant myr-Arf1 and myr-Arf6 GTP-binding proteins. Human Arf1 was co-expressed with yeast N-myristoyl-
transferase in Escherichia coli BL21/DE3 strain. Recombinant myr-Arf1 was purified from the E. coli lysate (lane A1) using an AKTA purifier equipped with
HiTrapQ, Superdex 200 columns (lane A2), and phenyl-Sepharose HP column (lane A3). Human Arf6 was also co-expressed with yeast N-myristoyltransferase in
E. coli BL21/DE3 strain. Recombinant myr-Arf6 was extracted from the insoluble fraction using Triton X-100 (lane B1). The extract was precipitated by 35%
ammonium sulfate and myr-Arf6 purified with HiTrapQ column (lane B2). B, time course of nucleotide exchange on myr-Arf1 and myr-Arf6 catalyzed by
cytohesin-2. Exchange was followed by measuring the binding of [35S]GTP�S in an assay mixture that included PIP2-containing liposomes. C, dose-dependent
inhibition of enzymatic GEF-activity of cytohesin-2 with myr-Arf6 by V-ATPase-derived a2N(1–17) peptide. Although FITC-a2N(1–17)-TAT peptide potently
inhibits (IC50 	 0.9 �M), the GEF activity of cytohesin-2, the control FITC-TAT peptide has no effect on its activity. D, dose-dependent inhibition of enzymatic GEF
activity of cytohesin-2 with myr-Arf1 by V-ATPase-derived a2N(1–17) peptide. Although FITC-a2N(1–17)-TAT peptide potently inhibits (IC50 	 0.9 �M), the
GEF-activity of cytohesin-2, the control FITC-TAT peptide has no effect on its activity. E, dose-dependent inhibition by SecinH3 (IC50 �150 �M) of enzymatic GEF
activity of cytohesin-2 with myr-Arf6. F, dose-dependent inhibition by SecinH3 (IC50 �150 �M) of enzymatic GEF-activity of cytohesin-2 with myr-Arf1.
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did not interfere with the assay. Our data also revealed the pref-
erential activity of Sec7 with (�17)Arf1 than (�13)Arf6 as
reported previously (Fig. 2B) (50, 51). Using the purified Sec7

domain with truncated (�17)Arf1 as substrate, a direct and
more potent inhibition of the Sec7 domain by the FITC-
a2N(1–17)-TAT peptide was found (IC50 	 0.37 �M) (Fig. 2,C
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FIGURE 2. Regulation of the enzymatic GDP/GTP-exchange activity of Sec7 domain using truncated (�17)Arf1 and (�13)Arf6 as substrates by V-
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GEF activity on concentration of Sec7 domain. GEF activity of Sec7 domain was determined with 1 �M of either (�17)Arf1 or (�13)Arf6 and 10 �M GTP�S.
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and D). In comparison, in this assay SecinH3 inhibits Sec-7/
(�17)Arf1 with an IC50 	 6.9 �M (Fig. 2, E and F). Taken
together, these experiments demonstrate that V-ATPase-de-
rived a2N(1–17) peptide is a direct and potent inhibitor of the
catalytic Sec7 domain of cytohesin-2.

Structure of a2-Subunit V-ATPase-derived a2N(1–17) Peptide

To understand the structural basis and molecular mecha-
nism of signaling of the a2-subunit V-ATPase with cytohesin-2
andArf GTP-binding proteins, we next studied the structure of
the V-ATPase-derived a2N(1–17) peptide.
Circular Dichroism Spectroscopy—The secondary structure

of biotin-a2N(1–17)-TAT was determined from circular di-
chroism spectra. The average secondary structure content was
70% �-helix and 30% random coil (data not shown). This result

is consistent with secondary structure predictions based on
subunit a2N(1–17) amino acid sequence.
NMR Structure of a2N(1–17) in Solution—The NMR struc-

ture of a2N(1–17) in solution was solved using standard proce-
dures for sequential assignment based onhomonuclearTOCSY
and NOESY experiments as described under “Experimental
Procedures.” Secondary structure prediction was done using
the �-proton chemical shifts, which indicate the presence of
�-helical structure at the C terminus of the peptide between resi-
dues Phe5 and Leu17 (Fig. 3A). Identified cross-peaks in the
HN-HNregionare also shown in (Fig. 3B).HN-HN,H�–HN(i,i�
3), H�–HN(i,i � 4), and H�–H�(i,i � 3) connectivity were
plotted from the assigned NOESY spectrum (Fig. 3C) and also
support an �-helical content in the C terminus. Out of 100
structures generated, the 10 lowest energy structures were

FIGURE 3. Determination of solution structure of V-ATPase-derived a2N(1–17) peptide by NMR. A, assignment of cross-peaks in the NOESY spectrum of
a2N(1–17) in the HN-HN region of the spectrum. Peak picking was done by Sparky 3.1 software, and cross-peaks were identified based on the TOCSY and NOESY
spectra. B, secondary structure prediction using the �-proton chemical shifts of a2N(1–17) by PREDITOR software. C, NOESY connectivity plot of peptide
a2N(1–17). D, superimposition of the 10 lowest energy NMR structures of V-ATPase-derived a2N(1–17) peptide. E, NMR structure of the a2N(1–17) peptide in
schematic representation. F–H, molecular surface electrostatic potential of peptide a2N(1–17) generated by PyMOL. The positive potentials are drawn in blue
and negative potentials in red. The charge distribution of the helix reveals an amphiphilic surface. F, peptide has a hydrophobic surface on one side formed by
residues Leu4, Met10, Cys11, Leu15, and Leu17. G, positively charged Arg6, the negative COOH group of Leu17, and the hydrophobic residues Leu12, Ala13, Phe16,
and Leu17 form an amphiphilic surface potential on the opposite site. H, in a 90° view to the amphiphilic surface, the peptide is mainly negatively charged,
formed by Glu8, and the carboxyl group of Leu17.
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taken for further analysis. The ensemble of 10 calculated struc-
tures resulted in an overall root mean square deviation of 0.311
Å for the backbone atoms (Fig. 3D). All these structures have
energies lower than �100 kcal/mol, no NOE violations greater
than 0.3 Å, and no dihedral violations greater than 5°. The sum-
mary of the statistics for 10 structures is shown in supplemental
Table S2. The calculated structure has a total length of 25.78 Å
displaying an �-helical region between residues 5 and 17 (21.1
Å) and a flexible N-terminal region, formed by the amino acids
1–4, respectively (Fig. 3E). The molecular surface electrostatic
potential of the peptide is presented in Fig. 3, F–H. At one side
of the peptide, the residues Leu4,Met10, Cys11, Leu15, and Leu17
provide hydrophobic surface on a single face of the helix (Fig.
3F). The opposite side reflects an amphiphilic surface potential,
formed by the positively charged Arg6, the negative COOH-
group of Leu17, and the hydrophobic residues Leu12, Ala13,
Phe16, and Leu17 (Fig. 3G). In a 90° view to the amphiphilic
surface, the peptide is mainly negatively charged (Fig. 3H).
Interaction Interface between a2N(1–17) and Sec7 Domain of

Cytohesin-2—We applied NMR titration experiments to deter-
mine the amino acid residues of a2N(1–17) that are involved in
binding the Sec7 domain of cytohesin-2 as described under
“Experimental Procedures.” This approach has been used suc-
cessfully to study interaction interfaces between other peptides
and truncated proteins (52). In our experiments the 1H-15N
heteronuclear single quantum coherence (HSQC) spectrum of
a2N(1–17) was used as starting point. The HSQC values of
a2N(1–17) in the presence (green) and absence (red) of the Sec7
domain (22.1 kDa) (44) have been performed to assign the
amino acid residues of a2N(1–17) peptide involved in the bind-
ing with Sec7 (Fig. 4A). Binding of Sec7 induces a structural
change in a2N(1–17), which is indicated by changes in chemical
shift, intensity, and/or the broadening in the resonances of res-
idues Phe5, Met10, and Gln14 in the 1H-15N HSQC spectrum
(Fig. 4, A–C). As can be seen for residue Glu8, the binding of
equimolar amounts of Sec7 domain to a2N(1–17) caused a loss
in signal intensity in the 1H-15N HSQC spectrum (Fig. 4, B and
C). The loss of intensity of Glu8 may not be affected by direct
amino acid interaction of Glu8 with a residue of the Sec7
domain of cytohesin-2 but rather be caused by the transforma-
tion of structural alterations at the actual binding site at Phe5,
Met10, and Gln14 to Glu8. These four residues of a2N(1–17) are
conserved according to the alignment with other mouse and
human isoforms and yeast homologs (Fig. 6A). The binding
region of a2N(1–17) is highlighted in the structure in red (Fig. 4,
D and E).
NMRTitration of the Sec7 Domain with a2N(1–17)—To fur-

ther study the molecular site of interaction between Sec7 and
a2N(1–17) peptide, the HSQC NMR spectra of the Sec7
domain (residues Arg61 to Arg252) of cytohesin-2 were also col-
lected. The HSQC spectra confirm that the Sec7 domain is
folded by the well dispersed peaks and their line shape (data not
shown). The 1H-15N HSQC spectra were recorded at 298 K
with a fixed concentration of 0.4 mM Sec7 domain, and the
peptide a2N(1–17) was titrated to 0.6 mM (1:1.5) to the protein.
These experiments revealed significant changes in the chemical
shift of peaks of the Sec7 domain, indicating binding of the
a2N(1–17) peptide to the Sec7 domain. Changes in 14 peaks

were identified (data not shown). Nine of these peaks showed
changes along the proton axis with decreases in ppm values,
whereas three peaks showed change with increases in ppm.
Along the nitrogen axis, two shifts were observed. One peak at
123.1/8.55 ppm 15N/1H had an increased ppm at the nitrogen
axis (123.5/8.55 ppm 15N/1H), and peak 12 reflects a combined
change in decreased ppm of nitrogen and proton from (127.1/
8.32 ppm 15N/1H to 126.3/8.26 ppm 15N/1H) (data not shown).
NMRTitration of the Sec7 Domain with Vph1p(1–388)—We

next testedwhether the interaction of Sec7 also takes placewith
full-length V-ATPase holoprotein. The interaction of S. cerevi-
siae Vph1p(1–388) (the homolog of mammalian aN cytosolic
tail) with Sec7 was also studied as recently described for
Sca(104–363) (53). Vph1p(1–388) was purified according to
Thaker et al. (54), and HSQC experiments were performed as
described under “Experimental Procedures.” Respective spec-
tra were overlapped to monitor chemical shift changes; further
analysis was done in SPARKY (42). Sec7 was titrated with
Vph1p(1–388) and 14 chemical shifts and losses of intensity of
peaks were observed (data not shown). Importantly, 12 out of
the 14 amino acids involved in this interaction were compara-
ble with those identified in the a2N(1–17) peptide Sec7 domain
titration experiments. These results strongly indicate that
a2N(1–17) peptide and Vph1p(1–388) holo-protein share a
common binding site on the Sec7 domain of cytohesin-2. The
two additional changes in chemical shifts (peak 13 and 14)
might be caused by the residues of Vph1p(1–388) that are not
present in a2N(1–17).

Structural Basis of Binding and Signaling of V-ATPase Derived
a2N(1–17) Peptide with Cytohesin-2 and Arf GTP-binding
Proteins
To map and characterize the molecular interface between

peptide a2N(1–17) and the Sec7 domain inmore detail, in silico
docking experiments were performed as described under
“Experimental Procedures.” In these studies, the lowest energy
structure was found for docking the a2N(1–17) peptide on the
interface of the binding between Sec7 domain and its substrates
Arf1 or Arf6 (Fig. 5A). In particular, the helical part of the
a2N(1–17) peptide, via its amino acids Phe5, Met10, and Gln14,
situated at the interaction surface plane (Fig. 4E, red rectangle),
binds to the �G, �H, and �I helices of the Sec7 domain (Fig. 5,
B and C). More detailed analysis showed that the a2N(1–17)-
binding site on the Sec7 domain overlaps with the interaction
site of the regulatory switch 2 of Arf1 (Fig. 5, B and C) (see
supplementalMovie S1) andArf6 (see supplementalMovie S2).

Signaling between V-ATPase, Cytohesin-2, and Arf GTP-
binding Proteins Is an Evolutionarily Conserved Phenomenon

Alignment of the first 20 amino acids of theN-terminal tail of
V-ATPase a-subunit isoforms revealed that the interface-form-
ing amino acids Phe5 and Gln14 are completely conserved in all
eukaryotes fromyeast to humans (Fig. 6A, red boxes). The inter-
face-forming amino acid Met10 is also conserved from yeast to
humans with only one substitution to Val10, which is found in
the mouse and human a3-subunit V-ATPase (Fig. 6A, red box).
It is also noteworthy that although the Glu8 residue is highly
conserved, it has substitution to Ala8 in yeast Stv1p and Vph1p
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(Fig. 6A, violet box). To test the potential signaling between
other a-subunit (a1-, a3-, and a4-isoforms) of V-ATPase and
cytohesin-2/Arf GTP-binding proteins, we have also synthe-
sized the corresponding a-subunit isoform-derived peptides
(Fig. 6A, highlighted in blue and supplemental Table S1). Addi-
tional enzymatic GEF activity experiments demonstrated that

these peptides are also very potent inhibitors of GEF activity of
cytohesin-2 Sec7 domain (Fig. 6, B–D). In these experiments,
the following IC50 values were determined for a-isoform-spe-
cific peptides: (i) FITC-a1N(1–17)-TAT (IC50 	 1.0 �M) (Fig.
6B); (ii) FITC-a3N(1–17)-TAT (IC50 	 0.5 �M) (Fig. 6C); and
(iii) FITC-a4N(1–17)-TAT (IC50 	 1.1�M) (Fig. 6D). Thus, our

FIGURE 4. Determination of interaction-competent amino acids and the interaction surface plane of a2N(1–17) peptide involved in binding with
Sec7 domain. A, NMR titration spectra of a2N(1–17) and Sec7 domain of cytohesin-2. Overlay of two-dimensional 1H-15N HSQC spectrum of a2N(1–17)
alone (red) and a2N(1–17) with Sec7 domain of cytohesin-2 (green) in 25 mM sodium phosphate buffer (pH 6.5), 300 mM NaCl at 298 K. B, change in
chemical shift; C, loss of 1H-15N HSQC peak intensity upon titration of unlabeled Sec7 domain to unlabeled a2N(1–17) at a molar ratio of 0.5. The stronger
the decrease of the peak intensity compared with the spectrum without Sec7 domain, the higher the plotted intensity ratio. D, location of the four amino
acids Phe5, Met10, Gln14 (red), and Glu8 (magenta) that were determined by NMR to be involved in interaction of a2N(1–17) peptide with Sec7 domain.
E, identification of the interaction surface plane formed by amino acids Phe5, Met10, and Gln14 (shown in a red square) that is involved in binding of
a2N(1–17) with Sec7 domain.
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data revealed the conserved character of signaling between all
four a1-, a2-, a3-, and a4-subunit isoforms of V-ATPase with
cytohesin-2 and Arf GTP-binding proteins.

Mammalian Cytohesin-2 Interacts with Yeast V-ATPase
Holo-complex Containing the Intact a-Subunit Isoform

We next confirmed the conserved character of this signaling
phenomenon in experiments showing binding of mammalian
cytohesin-2 with the yeast V-ATPase holo-complex. However,
first we verified that a-subunit isoforms, which are involved in
signalingwith cytohesin-2, remain intact and functional in both
mammalian and yeast V-ATPases. We used the kidney endo-
somal/lysosomal experimental system that was also success-
fully employed in our previous studies (6, 55). Here, we demon-
strated that under physiological conditions in situ, an
endogenous a2-subunit isoform is not proteolytically processed
and remains intact as a 100-kDa protein in kidney proximal
tubules and endosomes (Fig. 7A). It is noteworthy thatWestern
blot analysis did not reveal any additional lowmolecular weight
proteins for either the a2-subunit (V0-sector) or E-subunit (V1-
sector) of V-ATPase. These data indicate that in the mamma-
lian kidney, the V-ATPase complex remains intact and compe-
tent for interaction and signaling with cytohesin-2 and Arf
GTP-binding proteins. Indeed, our previous studies demon-
strated that these intact proteins interact with the functional
V-ATPase holo-complex in an acidification-dependent man-
ner (6, 55).We also cloned EGFP-tagged full-length a2-subunit
isoform and performed overexpression experiments. Our data
demonstrate that recombinant a2-EGFP remains intact as a
130-kDa protein and does not undergo proteolytic cleavage
(Fig. 7B). Importantly, overexpressed a2-EGFP is also correctly
targeted to vesicular compartments in kidney cells (Fig. 7C).
Recently, the structure of the S. cerevisiae eukaryotic V-

ATPase was solved at 11 Å resolution by electron cryomicros-
copy of protein particles in ice (5). This resolutionwas sufficient
to resolve almost all of the individual subunits (Fig. 7D). In
particular, the position of the intact a-subunit isoform (Vph1p
homolog in yeast) in this V-ATPase (V1V0) holo-complex is
shown in green and its epitope aN(1–17) is indicated by an
arrow (Fig. 7D). This V-ATPase holo-complex assembles with
intact subunits (Fig. 7E), and it allowed the study of its interac-
tion with mammalian cytohesin-2. Human cytohesin-2 lacking
its coiled-coil domain (CTH2(61–400)) was used in this study.
As reported previously, this form of cytohesin-2 does not
dimerize and strongly interacts with the intact full-length
mammalian a2-subunit isoform (6). Indeed, herewe showbind-
ing of human CTH2(61–400) with intact yeast V-ATPase
immobilized on M2-Sepharose. Both CTH2(61–400) and
V-ATPase holo-complexes are eluted together in an elution
step proportional manner (Fig. 7, F and G). Thus, taken
together, these data confirm the evolutionarily conserved inter-
action and signaling of intact V-ATPase holo-complex with
cytohesin-2 and Arf GTP-binding proteins.

DISCUSSION

Besides being an ATP-driven proton-pumping nanomotor,
the V-ATPase functions as a pH-sensing receptor by interact-
ingwith theArf-GEF cytohesin-2 in an acidification-dependent

FIGURE 5. Structural basis and molecular mechanism of signaling
between the V-ATPase a2-subunit and cytohesin-2/Arf-family GTP-bind-
ing proteins. A, in silico docking experiments revealed the binding site of
a2N(1–17) peptide near the catalytic site of the Sec7 domain. B, binding of
a2N(1–17) peptide on the Sec7 domain involves the �G, �H, and �I helixes,
which are crucial for its catalytic activity with Arf1 and Arf6. C, molecular
details of the interaction interfaces involved in binding of a2N(1–17) peptide
to the catalytic site of the Sec7 domain with Arf1 (see supplemental Movie S1).
Similar results were also shown for binding of a2N(1–17) peptide to the cata-
lytic site of the Sec7 domain with Arf6 (see supplemental Movie S2).
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manner (6–8). So far, the molecular mechanism underlying
this cell biological event remains unknown. Here, we address
this issue and describe the molecular details of a novel function
of V-ATPase as an evolutionarily conserved cytohesin-signal-
ing receptor (Fig. 8).
Previously, we identified the N-terminal epitope of the cyto-

solic tail of the a2-subunit of V-ATPase as a major interacting
site with cytohesin-2 (27). This epitope corresponds to the pep-
tide a2N(1–17), which is formed by the first 17 amino acids
(MGSLFRSESMCLAQLFL) of the a2-subunit isoform (27).
Thus, here we hypothesized that this V-ATPase epitope-form-
ing a2N(1–17) peptide is crucial for signaling between V-
ATPase and cytohesin-2. Indeed, our studies revealed that
a2N(1–17) peptide is a potent inhibitor of the enzymatic GDP/
GTP exchange activity of cytohesin-2 with both Arf1 and Arf6
as substrates. Moreover, we demonstrated that this peptide
strongly inhibits GEF activity via its direct interaction with the
catalytic Sec7 domain. The �-helical structure of a2N(1–17)
and its residues Phe5, Met10, and Gln14 binding with the Sec7

domain were also identified. Moreover, in silico docking exper-
iments revealed that a2N(1–17) peptide binds to the �G, �H,
and �I helices of the Sec7 domain and thus competes with Arf1
and Arf6 GTP-binding proteins for a binding site on the switch
2 region (48, 56). Together, our data reveal the structural basis
and molecular mechanism of the inhibitory action of the V-
ATPase derived peptide a2N(1–17) onGEF activity. Therefore,
we have uncovered a novel mechanism of signaling involving
interaction of the V-ATPase holo-complex with cytohesin-2
and Arf family GTP-binding proteins (Fig. 8).
It is generally accepted that the two yeast a-subunit isoforms

(Vph1p and Stv1p) and four mammalian a-subunit isoforms
(a1, a2, a3, and a4) have a central role in assembly, differential
targeting, and function of V-ATPase (1, 3, 4). In humans, the
importance of the structural integrity of full-length a-subunit
isoforms in V-ATPase function is strongly supported by the
existence of genetic diseases associated withmutations in these
proteins (57–59). For example, loss-of-function mutations in
the a2-subunit were identified as cause of autosomal recessive

FIGURE 6. Signaling of V-ATPase with cytohesin-2 and Arf GTP-binding proteins is evolutionarily conserved in eukaryotes among all four a-subunit
isoforms. A, alignment of the first 20 amino acids of eukaryotic a-subunit isoforms of V-ATPase. The conserved character of binding surface-forming amino
acids Phe5, Met10, and Gln14 (red boxes) and Glu8 (violet box) from yeast to humans. Although amino acids Phe5 and Gln14 are completely conserved in all
eukaryotes, Met10 has one substitution to Val10 in the mouse and human a3-subunit V-ATPase (red boxes). The Glu8 residue is also conserved with only one
substitution to Ala8 in yeast Stv1p and Vph1p (violet box). B–D, potent inhibition of enzymatic GEF activity of cytohesin-2 Sec7 domain by a1-, a3-, and
a4-isoform-derived peptides. B, determination of IC50 	 1.0 �M for FITC-a1N(1–17)-TAT peptide. C, determination of IC50 	 0.5 �M for FITC-a3N(1–17)-TAT
peptide. D, determination of IC50 	 1.1 �M for FITC-a4N(1–17)-TAT peptide.
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cutis laxa (ARCL) type II (Debre type) orwrinkly skin syndrome
(59). To date, a total of 41 mutations were identified, of which
18 missense and frameshift mutations were located on the
N-terminal cytosolic tail of a2-subunit (a2N) (60, 61). Impor-
tantly, one of the frameshift mutations described in these stud-
ies is involved in modification of structural integrity of the

a2N(1–17) epitope described here. At the molecular and cellu-
lar level, these mutations give rise to loss of integrity of the
a2-subunit, loss of V-ATPase function, impaired vesicular traf-
ficking, and cell survival (59–61). These genetic studies
strongly argue in favor of the importance of the structural
integrity of full-length a-subunit isoforms in V-ATPase func-

FIGURE 7. Structural integrity of a-subunit isoforms is crucially important for assembly, function, and evolutionarily conserved signaling of V-ATPase.
A, in kidney experimental system, the V-ATPase complex remains intact and competent of acidification, interaction, and signaling with cytohesin-2 and Arf
GTP-binding proteins. Under physiological conditions, in situ endogenous a2-subunit (V0 sector) and E-subunit (V1 sector) remain intact in kidney proximal
tubules (PT) and endosomes (Endo). Note that to provide better visualization of the lack of proteolytic cleavage of these proteins, Western blots of a2- and
E-isoforms are presented as complete gels, expanding the data that were previously published and showed only a small segment of these gel lanes (6). B and
C, overexpressed recombinant full-length a2-EGFP-subunit isoform of V-ATPase remains intact (B) and competent to be targeted to vesicular compartment in
kidney epithelial cells in culture (C). Scale bar, 4 �m. D, three-dimensional map shows holo-complex of S. cerevisiae eukaryotic V-ATPase solved at 11 Å
resolution (5). Figure is showing well defined V0 and V1 sectors with almost all individual subunits resolved. The position of full-length intact a-subunit isoform
(Vph1p homolog in yeast) in V-ATPase holo-complex is indicated in green. The positions of N-terminal cytosolic tail (aN) corresponding to amino acids of yeast
Vph1p(1– 404) and mouse a2N(1– 402) is shown. The position of C-terminal transmembrane region (aC) corresponding to amino acids of yeast Vph1p(405–
840) and mouse a2N(403– 856) is also shown. The region of the epitope formed by the peptide aN(1–17) is indicated by arrow. Scale bar, 25 Å. E, isolation of S.
cerevisiae V-ATPase by elution from the M2-Sepharose with the 3�FLAG peptide and characterization by SDS-PAGE analysis. This preparation of the V-ATPase
contained 13 different subunits indicated on the right. It is noteworthy that the a-subunit isoform runs as the intact full-length 116-kDa protein. F and
G, evolutionarily conserved interaction of intact yeast V-ATPase holo-complex with human cytohesin-2. Yeast V-ATPase was immobilized on M2-Sepharose,
allowed to interact with CTH2(61– 400), and purified as described under “Experimental Procedures.” SDS-PAGE (F) and Western blot analysis (G) demonstrated
binding of human CTH2(61– 400) and its elution with intact yeast V-ATPase holo-complex.
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tion in situ. Similarly, our previous (6) and current (Fig. 7) stud-
ies also show that an intact a-subunit containing V-ATPase
holo-complex is involved in interaction and signaling with
cytohesin-2 and Arf GTP-binding proteins (Fig. 8).
However, an unconventional role of a truncated form of the

a2-subunit in lymphoid and trophoblast cells was also reported

previously (62). These cells express 45-, 52-, and 70-kDa
homologs of the a2-isoform, which was formerly known as
regeneration and tolerance factor (RTF or TJ6) (63–65). In par-
ticular, it was reported that upon cell activation, the 70-kDa
RTF/TJ6 is relocated to plasma membrane and proteolytically
cleaved to generate a so-called a2NTD peptide, a 20-kDa pro-
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tein that corresponds to amino acids a2N(142–344) of the a2N
cytosolic tail (62).However, although the effects of extracellular
a2NTD in cell-cell communication were intensively studied, its
intracellular generation and relevance to the physiological
function of V-ATPase as a proton pump are currently
unknown. Moreover, it is also unknown if RTF/TJ6 is ever a
part of an intact and functional V-ATPase. Indeed, a recent
model proposes that RTF/TJ6 traffics and functions as a dis-
tinct and separate protein (62). Therefore, because RTF/TJ6
lacks the major critical part of its N-terminal cytosolic tail and
functions as a separate protein, it is most likely that it is not
relevant to the cell biological events described in our study.
However, we previously demonstrated that interaction with

cytohesin-2 is not only restricted to the a2-subunit isoform but
also occurs with the three other a-subunit isoforms (a1, a3, and
a4) of the V-ATPase (26). It is noteworthy that these mamma-
lian isoforms as well as two yeast a-subunit isoforms (Vph1p
and Stv1p) function as full-length proteins and do not undergo
proteolytic cleavage. Sequence alignment of the N-terminal
epitope of a-subunit isoforms shows that the V-ATPase amino
acids involved in interaction with Sec7 domain are highly con-
served in all eukaryotes from yeast to humans. Accordingly, our
additional enzymatic GEF activity studies revealed that N-ter-
minal peptides derived from another three a-subunit isoforms
(a1, a3, and a4) of the V-ATPase are potent inhibitors of cyto-
hesin-2. Thus, these data reveal the conserved character of sig-
naling between all four a1-, a2-, a3-, and a4-subunit isoforms of
mammalian V-ATPase and cytohesin-2 (Fig. 8A). Our present
findings also indicate that signaling between V-ATPase and
cytohesin-2 is a general cell biological phenomenon. We sug-
gest that, because a-isoforms are involved in targeting the
V-ATPase to different cellular compartments (1), the signaling
between intact V-ATPase and cytohesin-2, Arf GTP-binding
proteins could take place on endosomal, lysosomal, Golgi, or
plasma membranes among others (1).
What are the downstream effectors of the signaling between

V-ATPase and cytohesin-2/Arf GTP-binding proteins? There
are various intracellular downstream effectors and pathways
thatmay bemodulated by the signaling betweenV-ATPase and

cytohesin/Arf GTP-binding proteins. First, we have shown that
pH-dependent interaction between cytohesin-2 and a2-iso-
form containing holo-complexes of V-ATPase is crucial for the
function of early endosomes both in vitro (55) and in vivo (Fig.
8, B and C) (6). Our studies indicate the accessibility of endog-
enous cytohesin-2 to intact and functional V-ATPase com-
plexes in vivo. Recently, the structure of intact eukaryotic holo-
complex of S. cerevisiaeV-ATPasewas solved at 11Å resolution
(5). This resolution is sufficient to resolve almost all of the sub-
units in the V-ATPase holo-complex and to reveal the binding
interfaces with its interacting partners. A three-dimensional
map of V-ATPase with the a-subunit (Vph1p homolog) struc-
ture highlighted is shown in Figs. 7D and 8, B and C. Our data
clearly show the accessibility of the aN(1–17) forming an
epitope for binding with cytohesin-2 (Figs. 7D and 8, B and C)
and its interaction with an intact V-ATPase holo-complex (Fig.
7, F and G). Second, we have previously proposed that interac-
tion of V-ATPase with cytohesin-2 and Arf6 could be an inte-
gral part of their role as “molecular switches.” In this scenario,
cytohesin-2 and Arf6 may be involved in self-regulation of the
V-ATPase function and, thus turning “on/off” this remarkable
nanomotor (Fig. 8, B and C) (1). Third, both cytohesin-2 and
Arf GTP-binding proteins are also important formodulation of
the following: (i) membrane coat recruitment; (ii) phospholipid
modification; (iii) microtubule-dependent vesicular movement
(13), and (iv) remodeling of the actin cytoskeleton (9–12, 26).
Fourth, cytohesin-2 recently emerged as an essentialmodulator
of the insulin receptor (23, 24) and EGFR/ErbB-receptors (18)
signaling at the plasma membrane and endosomal/lysosomal
pathway. Thus, the intracellular interaction and signaling of the
V-ATPase with cytohesin-2/Arf GTP-binding proteins could
potentially modulate these multiple downstream effectors as
well. Importantly, it is noteworthy that under this scenario
V-ATPase, cytohesin-2/Arf GTP-binding proteins, and their
downstream effectors should be located at the samemembrane
microenvironment (Fig. 8, B and C).
Here, we identified and characterized four novel a-isoform-

specific V-ATPase-derived peptides (a1N(1–17), a2N(1–17),
a3N(1–17), and a4N(1–17)) that are potent inhibitors of cyto-

FIGURE 8. V-ATPase nanomotor is a novel evolutionarily conserved cytohesin-signaling receptor. A, signaling of V-ATPase with cytohesin-2 and Arf
GTP-binding proteins is evolutionarily conserved among all four a-subunit isoforms of the V-ATPase. Experimental IC50 values of GEF activity inhibition of the
cytohesin-2 Sec7 domain by a-subunit isoform-specific peptides as follows: (i) a1N(1–17) (IC50 	 1.0 �M); (ii) a2N(1–17) (IC50 	 0.9 �M); (iii) a3N(1–17) (IC50 	 0.5
�M), and (iv) a4N(1–17) (IC50 	 1.1 �M). B and C, model of the novel role of V-ATPase nanomotor as a pH-sensing and cytohesin-signaling receptor. The
molecular details of the interactions of V-ATPase with cytohesin-2 and Arf GTP-binding proteins at high (B) and low (C) levels of luminal acidification.
B, schematic representation of the rotary proton-pumping eukaryotic V-ATPase that does not interact with cytohesin-2 and myristoylated Arf6/Arf1 GTP-
binding proteins. Cytohesin-2 is anchored on the PIP2-containing membrane via its pleckstrin homology domain (PH). In this scenario cytohesin-2 and Arfs are
signaling with their downstream effectors independently of V-ATPase. However, the function of V-ATPase does not affected by cytohesin-2 and Arf GTP-
binding proteins. In this schematic, the recently solved structure of yeast V-ATPase was used according to Ref. 5. It shows some structural features of a-subunit
isoform (green) and its binding partners within V-ATPase. The positions of the A (yellow), B (red), C (brown), E (purple), G (beige), H (orange), and DF (blue) subunits
and c-ring (magenta) are also shown (5). The N-terminal cytosolic tail of V-ATPase a-subunit (aN) is situated in parallel to the membrane plane and could have
contacts with membrane (66). The position of first 17-amino acid peptide-forming epitope (aN(1–17)) involved in interaction with the Sec-7 domain of
cytohesin-2 is also indicated. The C-terminal transmembrane part of V-ATPase a-subunit (aC) is shown with the drawn eight transmembrane helices and four
luminal loops as suggested previously for mouse a2-subunit isoform of V-ATPase (7). The location of corresponding pH-sensing histidine amino acid residues
is indicated as red circles (7). This membrane topology was recently defined for S. cerevisiae Vph1p-subunit of V-ATPase (67) and identified by cryo-electron
microscopy for Thermus thermophilus I-subunit of A-ATPase (68). C, after reaching certain low levels of pH, V-ATPase is sensing luminal acidification by its
a-subunit isoform. We previously proposed that the transmembrane aC part of a-subunit senses pH by its histidine residues and signals through its confor-
mational changes to the cytosolic aN part of the a-subunit (7). This results in interaction of cytohesin-2 with the cytosolic aN part of a-subunit and its
recruitment to V-ATPase. The molecular details uncovered in this study revealed that this binding involves the N-terminal epitope of V-ATPase a-subunits
(aN(1–17)) and Sec7 domain of cytohesin-2. Thus, during this cell biological event, V-ATPase serves as a “molecular sink” by recruiting cytohesin-2 and also
inhibits its signaling. As a result of the competitive binding of V-ATPase with cytohesin-2, Arfs may be released from cytohesin-2, and Arf6 could interact with
the c-subunit ring of V-ATPase in a pH-dependent manner (6, 7). Thus, under this scenario both Arf1 and Arf6 may continue signaling with different GEFs and
modulate the function of a different set of downstream effectors. Finally, the interaction of V-ATPase with cytohesin-2 and Arf6 also may be involved in
modulation of the function of V-ATPase itself (1).
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hesin-2 GEF activity in vitro. Importantly, we determined the
IC50 values for all four a-subunit isoform-specific peptides (Fig.
8A). The interaction-competent amino acids (Phe5 and Gln14)
are completely conserved in all eukaryotic a1-, a2-, a3-, and
a4-isoforms, and their corresponding specific peptides show
similar IC50 
1.0 �M values. Interestingly, a single substitution
in one of the interaction competent amino acids of the a3-iso-
form (Met10 to Val10) doubles (IC50 
0.5 �M) the anti-cytohe-
sin activity of the a3-isoform-specific peptide. Thus, these data
open up the possibility of designing novel peptides with differ-
ential anti-cytohesin activities. In conclusion, the structural
interface of signaling between the V-ATPase and cytohesin-2
reported here provides the impetus for further development of
novel and more potent anti-cytohesin pharmaceuticals/pep-
tides. It also helps to direct future screening and/or the rational
design of compounds targeting cytohesins. In particular, these
novel isoform-specific pharmaceuticals and drugs could be
used to prevent the cytohesin-2-dependent activation of EGFR/
ErbB receptors to treat a variety of cancers (17–19) and to pre-
vent development of diabetic nephropathy in type I diabetes
(20–22). Moreover, the cytohesin/insulin-receptor signaling is
inhibited during type II diabetes. Therefore, design of the pep-
tides or drugs able to activate cytohesins and prevent this inhi-
bition might be useful in treating type II diabetes (23, 24).
In summary, we have discovered an evolutionarily conserved

function of the V-ATPase as a novel cytohesin-signaling recep-
tor. Our data reveal that during its function as a pH-sensing
receptor, V-ATPase is not simply a scaffold to attach cytohe-
sin-2 and Arfs to their target membranes, but it also modulates
signaling of cytohesin-2 and Arf GTP-binding proteins. These
cell biological events could consequently modulate function of
V-ATPase itself as well as downstream effectors, including
EGFR/ErbB and insulin receptors among others (Fig. 8, B and
C). Finally, our data also underline the evolutionarily conserved
character of signaling between V-ATPase and cytohesins/Arfs,
which may take place in different intracellular organelles and
plasma membranes of eukaryotic cells from yeast to humans.
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