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Association of the eukaryotic V1VO ATPase subunits a with d and d with A
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a b s t r a c t

Owing to the complex nature of V1VO ATPases, identification of neighboring subunits is essential for
mechanistic understanding of this enzyme. Here, we describe the links between the V1 headpiece
and the VO-domain of the yeast V1VO ATPase via subunit A and d as well as the VO subunits a and
d using surface plasmon resonance and fluorescence correlation spectroscopy. Binding constants
of about 60 and 200 nM have been determined for the a–d and d–A assembly, respectively. The data
are discussed in light of subunit a and d forming a peripheral stalk, connecting the catalytic A3B3

hexamer with VO.

Structured summary:
MINT-7012054: d (uniprotkb:P32366) binds (MI:0407) to A (uniprotkb:P17255) by fluorescence correla-
tion spectroscopy (MI:0052)
MINT-7012041: d (uniprotkb:P32366) binds (MI:0407) to A (uniprotkb:P17255) by surface plasmon reso-
nance (MI:0107)
MINT-7012028: d (uniprotkb:P32366) binds (MI:0407) to a (uniprotkb:P32563) by surface plasmon reso-
nance (MI:0107)

� 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
1. Introduction an assembly of the V and V subunits C, D, E, F, G, H and subunit a as
The vacuolar H+-ATPase (V1VO ATPase) can be described as mas-
ter element for energizing and maintaining homeostasis by directly
controlling the vesicular transport at both exocytotic and endocy-
totic pathways of eukaryotic cells [1–5]. The V1VO ATPase is com-
posed of a water-soluble V1 ATPase and a membrane subcomplex,
VO [6]. The proton transducting VO sector contains five different
subunits in a stoichiometry of a1 : d1 : c4—5 : c01 : c001, whereby the V1

sector is composed of eight subunits in a proposed stoichiometry
of A3:B3:C1:D1:EX:F1:G2:Hx [7,8]. The energy, needed for proton
translocation, is provided from the cleavage of adenosine triphos-
phate into adenosine diphosphate and inorganic phosphate, cata-
lyzed in the A3:B3 hexamer of the V1 headpiece. This energy-
coupling between the A3B3 headpiece occurs via the ‘stalk’ structure,
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ce correlation spectroscopy;
loro-4-nitrobenzo-2-oxa-1,3-
iacetic acid; PAGE, polyacryl-
tion; SAXS, small angle X-ray
e plasmon resonance; TMR,

inomethane
1 O

well as d, respectively, forming the functional and structural inter-
face [9]. The VO complex can be subdivided into two parts, which
are proposed to rotate relative to each other, the peripheral stalk
and the proton-translocating ring. The VO part of the peripheral
stalk is proposed to consist of the N-terminal segment of subunit
a and subunit d [7,9]. The proton-translocating ring comprises the
subunits c, c0 and c00 [7,8]. The fifth VO subunit, subunit d, has a box-
ing glove-shape in solution, made-up of a more globular domain and
a protuberance [10] and is exposed on the cytoplasmic side of the
membrane [10,11]. This protein plays a role in coupling ATP cleav-
age and proton transport [12] and is also essential for embryonic
development [13]. In contrast, no structural details are known for
subunit a, reported to be essential for proton translocation due to
its C-terminal and membrane-embedded part (a405-840, [5]). The
cytoplasmic and N-terminal segment of subunit a (al-388, [5]) is
proposed to bind to the protuberance of subunit d as shown by a
structural comparison of the low-resolution structure of subunit d
and the 3D-reconstruction of the VO-sector (see Fig. 1A [10,11]). Pre-
vious work, using immunoprecipitation assays, has shown that the
so-called non-homologous region (NHR) of the catalytic A subunit of
the yeast V-ATPase co-precipitates with the VO subunits a and d
[14]. However, a complete understanding of these binding partners
and their binding strength is lacking.
lsevier B.V. All rights reserved.
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Fig. 1. (A) Shape comparison of the structure of subunit d (right) from yeast [10] with the predicted position of subunit d inside the three-dimensional reconstruction of the
VO domain from clathrin-coated vesicles (left) [11]. (B) Surface view of the 3D reconstruction of the V1(-C) from M. sexta [16]. The alternating subunits A and B can be
distinguished by the non-homologous regions of subunit A. (C) Topology of the V1 (orange) and VO section (beige) of the V-ATPase. In the V-ATPase the V1 part can be
reversibly disconnected from the VO sector. The subunits a, d and A, studied in this work, are highlighted in ocher.
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We have turned our attention to examine the interaction of sub-
unit a and d of the V-ATPase from yeast to determine for the first
time the binding affinity between both VO subunits using surface
plasmon resonance (SPR). The interaction among subunit d and
the nucleotide-binding and NBD-Cl sensitive A subunit has been
observed by fluorescence correlation spectroscopy (FCS) and SPR.
2. Materials and methods

2.1. Protein production and purification

Subunit d of the Saccharomyces cerevisiae V-ATPase was purified
according to [10]. Cloning, production and purification of subunit A
and a1-388 are described under Supplementary data.
2.2. CD and FCS

Circular dicroism- and FCS spectra were measured using a
CHIRASCAN spectropolarimeter and a LSM-FCS system, respec-
tively, as described recently ([15] see Supplementary data).
2.3. SPR measurements

Surface plasmon resonance was performed using a Biacore 3000
instrument (see Supplementary data).

3. Results and discussion

3.1. Binding of subunit d with a1-388

Recently, subunit d (Vma6p) of the yeast V1VO ATPase was gen-
erated, enabling to determine a low-resolution structure of the
eukaryotic d [10]. Subunit d reveals a boxing glove-shaped mole-
cule, consisting of two distinct domains (Fig. 1A [10]). This struc-
ture is similar to the elongated mass located above the VO

domain of the cytoplasmic site of the clathrin-coated vesicles
[11]. Such topological arrangement indicates that d is connected
via its protuberance to the N-terminus of subunit a, and supports
the association of both proteins as predicted from mutagenesis
studies in which cells lacking a, the subunit d is found in the
cytosol [7]. To confirm the a–d association and to determine their
binding constant, the N-terminal domain of subunit a (Vph1p) from
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yeast, a1-388 (Vph1p1-388), has been produced and purified (Fig. 2A).
The secondary structure of a1-388 was obtained from CD spectra
(Fig. 2B). The minima and the maximum indicate the presence of
a-helices. The secondary structure content was 56% a-helix, 12%
b-sheet and 32% random coil, consistent with secondary structure
predictions. Subunit d [10] and a1-388 were used for kinetic analysis
of the interaction using surface plasmon resonance. Immobilized
subunit d was used to study binding affinity kinetics with subunit
a. An association rate constant ka = 7.7 (±1.1) � 103 M�1 s�1 and
dissociation rate constant kd = 4.4 (±1.2) � 10�4 s�1 was obtained
(Fig. 3). Consequently a dissociation constant (kd/ka) of KD = 6.0
(±1.8) � 10�8 M was determined for binding between the VO sub-
units a1-388 and d.

3.2. Subunit d and A assembly

Immunoprecipitation of the non-homologous regions (NHR) of
subunit A from cells producing only the NHR segment showed
Fig. 2. (A) SDS–PAGE of a1-388 (lane 1), subunit A (lane 2) and protein m

Fig. 3. Binding responses and kinetic analysis using SPR for the a–d interaction. The exp
250, 500, 1000 nM) over the immobilized subunit d surface.
co-precipitation with the VO subunits a and d [14]. Fig. 1B reveals
that the NHR domain is at the top of subunit A and thereby in
the upper part of the A3B3 hexamer [16]. Since subunit d is forming
the tip of the cytoplasmatic mass of VO sector, which might go up
during V1VO assembly, we intended to study the closeness of sub-
unit d and A. Subunit A was produced in high purity (Fig. 5A). Its
ATP binding capacity was proven by FCS. Fig. 4A shows the auto-
correlation curves of the ATP-analog, MgATP ATT0-647N in the ab-
sence and presence of A. The addition of protein resulted in a
change of the mean diffusion time sD. The increase of the diffusion
time was due to the increase in the mass of the diffusing particle,
when the nucleotide bound to the protein. A binding constant (K)
of 110 ± 1.9 lM of bound MgATP ATT0-647N to subunit A was cal-
culated (Fig. 4B).

7-Chloro-4-nitrobenzo-2-oxa-1,3-diazole (NBD-Cl) has been
found to inhibit the V1VO ATPase [17] and the F1FO ATP synthase
[18,19]. In F1FO ATP synthase, NBD-Cl reacts with a Tyr residue in
the central nucleotide-binding domain of the catalytic subunit b,
arker (lane 3). (B) UV-CD spectrum of a1-388 of the yeast V-ATPase.

eriment was performed by passing subunit a at different concentrations (62.5, 125,
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which is the homolog to subunit A, resulting in the loss of the
lowest affinity binding site for nucleotides [18]. By comparing
the autocorrelation curves of the subunit A-ATP-ATT0-647N bound
form with those, in which the protein has been preincubated with
increasing amounts of NBD-Cl, the diffusion time of ATP
ATT0-647N was shown to decrease with increasing concentrations
of NBD-Cl (Fig. 4C), indicating that nucleotide-binding to subunit A
became inhibited. A concentration of about 270 lM of NBD-Cl
dropped the ATP-binding capacity to 50% (Fig. 4D). These data
indicate that the protein used in these studies is functional
active.

Firstly, binding of subunit A to d was analyzed by FCS, whereby
subunit d (Fig. 5A) was labeled with TMR. Fig. 5B shows the auto-
correlation curves for the labeled d in the absence and presence of
subunit A. The addition of subunit A caused a change in the mean
diffusion time sd, which increased with rising concentrations. The
increase in the diffusion time was due to the increase in the mass
of the diffusing particle when subunit d-TMR interacted with sub-
unit A. A binding constant of 200 ± 15 nM for binding of subunit d-
TMR to subunit A was calculated (Fig. 5C). By contrast, when TMR-
labeled subunit a has been titrated with A no significant binding
could be observed (data not shown). The strong binding of subunits
Fig. 4. (A) Normalized autocorrelation functions of MgATP ATTO-647N by increasing th
ATT0-647N. (C) Normalized autocorrelation functions of labeled ATP obtained by incre
dependent influence of NDB-Cl versus Mg-ATP binding to subunit A.
a and d and the specificity of the d–A assembly indicate that the
proteins used in these studies are reconstitutively active.

To confirm the A–d assembly SPR experiments have been done,
in which subunit d was immobilized. The ka = 2.4 � 104

(±0.5) M�1 s�1 and kd = 6.4 � 10�3 (±0.4) s�1 were obtained, result-
ing in a KD value of 2.7 � 10�7 M (±0.5) (Fig. 5D). The sensorgrams
appear to have a slight biphasic behavior, which could derive from
heterogeneity of the surface due to the amine coupling of subunit d
to the sensor surface, or from a difference in refractive index of
sample and running buffer. The Biaevaluation software had taken
into account a refractive index difference between the sample
and the running buffer, which made the sensorgrams appear bi-
phasic. The affinity value for the interaction is very similar to the
value obtained from FCS. The data were also analyzed using the
Scrubber 2 software, confirming the monophasic binding profile
(Supplementary Fig. S1). The FCS and SPR data presented here
clearly demonstrate that subunit A does bind to d, indicating that
d is accessible in the complex. This confirms the results from mild
proteolysis experiments of the V1VO ATPase in intact
clathrin-coated vesicles, in which rapid cleavage of d was observed,
suggesting that it is exposed inside the enzyme [20,21]. This is also
in line with the observation, that the N-terminal segment of a
e amount of subunit A. (B) Concentration-dependent binding of subunit A MgATP-
asing the amount of NBD-Cl (from left to right: 0 to 750 lM). (D) Concentration-



Fig. 5. Subunit A binding to subunit d studied by FCS (B and C) and SPR (D). (A) SDS–PAGE revealing subunit A (lane 1) and d (lane 2). (B) Normalized autocorrelation functions
of subunit d labeled by TMR obtained by increasing the quantity of A. (B) Concentration-dependent binding of subunit A versus d. (C) Binding responses and kinetic analysis of
the d–A interaction. Subunit A was used in the concentration range of 0.06–1 lM.
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becomes accessible for degradation only in the absence of d [22].
Models were described in which subunit a and d do form a
peripheral stalk, thereby linking the VO sector with the A3B3 head-
piece [10,23]. Like in the case of the peripheral stalk subunit b of
the F1FO ATP synthase, laterally located cytoplasmic part of subunit
b seen in FO [24] moves up after assembly with the F1 sector, con-
necting FO with the N-terminal part of the a3b3-headpiece of F1

[25]. Taking this into account the cavity of the boxing glove-shaped
d may enable the a–d domain to bind to the NHR of A in the process
of reversible V1 and VO association (Fig. 1C). The NHR is linked to
both coupling of proton transport and ATP hydrolysis and dissoci-
ation of the V1VO ATPase in vivo [14]. Dissociation and reassocia-
tion of V1 and VO in the yeast V-ATPase is glucose dependent
[26]. As shown by immunoprecipitation assays removal of glucose
disrupts the assembly of the NHR from the VO domain, whereby
addition of glucose causes the reassociation of an NHR, subunit a
and d assembly [14], reflecting the relevance of knowing the part-
ners forming this peripheral stalk. The extended assembly of a and
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d provides the surface for the interaction of a with the GDP/GTP ex-
change factor ARNO (ADP-ribosylation factor nucleotide site open-
er) [27], and at the same time making VO accessible for its
association with GTPase Arf6. Such an interaction of the V-ATPase
with ARN) and Arf6 has recently been found in early endosomes
[1,28].
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