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Abstract

The vacuolar ATPase (V-ATPase) is a rotary motor proton pump that
is regulated by an assembly equilibrium between active holoenzyme
and autoinhibited V,-ATPase and V, proton channel subcomplexes.
Here, we report cryo-EM structures of yeast V-ATPase assembled
in vitro from lipid nanodisc reconstituted V, and mutant V;. Our
analysis identified holoenzymes in three active rotary states, indi-
cating that binding of V; to V, provides sufficient free energy to
overcome V, autoinhibition. Moreover, the structures suggest that
the unequal spacing of V,’s proton-carrying glutamic acid residues
serves to alleviate the symmetry mismatch between V; and V,
motors, a notion that is supported by mutagenesis experiments. We
also uncover a structure of free V, bound to Oxrl, a conserved but
poorly characterized factor involved in the oxidative stress response.
Biochemical experiments show that Oxrl inhibits V;-ATPase and
causes disassembly of the holoenzyme, suggesting that Oxrl plays a
direct role in V-ATPase regulation.
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Introduction

The vacuolar H"-ATPase (V-ATPase; V,V, ATPase) is a large, multi-
subunit protein complex that acidifies the lumen of intracellular
organelles, including the Golgi apparatus, early and late endosomes,
lysosomes, and secretory vesicles (Maxson & Grinstein, 2014; Kane,
2016; Futai et al, 2019; Collins & Forgac, 2020; Eaton et al, 2021).
V-ATPase’s proton pumping activity is essential for many cellular

processes such as pH and ion homeostasis, protein trafficking and
degradation, endocytosis, autophagy, phagocytosis, signaling,
hormone secretion, and neurotransmitter release. In some special-
ized tissues of higher organisms, V-ATPase is targeted to the plasma
membrane to pump protons out of the cell. V-ATPase-mediated
extracellular acidification serves to facilitate processes such as bone
remodeling, sperm maturation, and maintaining blood pH. V-
ATPases are associated with several widespread diseases, including
distal renal tubular acidosis (dRTA) (Smith et al, 2000), osteopetro-
sis (Frattini et al, 2000), sensorineural deafness (Karet et al, 1999),
male infertility (Breton et al, 1996), diabetes (Sun-Wada et al,
2006), neurodegeneration (Bagh et al, 2017), and cancer (Stransky
et al, 2016). Moreover, V-ATPase-mediated acidification is required
for efficient infection by viruses such as influenza or Ebola (Perez &
Carrasco, 1994; Lindstrom et al, 2018), or targeted for inhibition by
microbial pathogens including Mycobacterium tuberculosis, Legio-
nella pneumophila, or Vibrio parahaemolyticus (Xu et al, 2010;
Wong et al, 2011; Sreelatha et al, 2015). Thus, V-ATPase is essential
for normal cellular processes and plays an important role in the
pathogenesis of a wide spectrum of diseases.

Eukaryotic V-ATPases are highly conserved across species. The
relative ease of yeast genetics and the ability to purify milligram
amounts of yeast V-ATPase and its subcomplexes make Saccha-
romyces cerevisiae a powerful model system to study the structure,
catalytic mechanism, and regulation of the enzyme from higher
organisms, including mammals. The yeast V-ATPase is composed of
16 different polypeptides that are organized into two subcomplexes
— a cytosolic V;-ATPase, composed of A3B;(C)DE3FG3;H, and a
membrane integral V,, proton channel, made of acgc’c’’defVoal (Har-
rison & Muench, 2018; Vasanthakumar & Rubinstein, 2020; Wilkens
et al, 2021) (Appendix Fig S1A). V-ATPase is a member of the
family of rotary ATPases, which also includes F,F,-ATP synthase
found in bacteria, mitochondria, and chloroplasts, A;A,-ATPase/
synthase found in archaea, and A/V-like ATPases found in eubacte-
ria (Hilario & Gogarten, 1998). In V-ATPase, ATP is hydrolyzed in
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three catalytic sites that are located on the A;B3 catalytic hexamer at
alternating A-B interfaces. The resulting free energy drives rotation
of a central rotor stalk formed by subunit D, which is embedded in
the central cavity of the A;B; hexamer and, together with subunit F,
protrudes ~45 A towards the membrane. Rotation of the central
stalk is coupled to the V, via subunit d, which forms a structural
link between the DF rotor of the V; and the ten-membered
proteolipid- or c-ring formed by the hydrophobic ¢ subunits (c, ¢/, ¢”’)
of the V,. Proton translocation occurs at the interface of the c-ring
and the C-terminal transmembrane domain of subunit a (acy),
which contains two half-channels lined by polar residues that
provide access of water molecules to the c-ring from opposite sides
of the membrane. During ATP hydrolysis-driven c-ring rotation,
conserved glutamates present in each of the proteolipid subunits
become protonated at the cytoplasmic half-channel, and as the
c-ring rotates, the protons are carried through the lipid bilayer
before being released into the lumen or extracellular space. Three
heterodimers of subunits E and G (peripheral stalks EG1-3) together
with subunits H and C, and the N-terminal domain of subunit
a (ant) keep the catalytic hexamer static during rotation of the
central stalk for efficient energy coupling.

V-ATPase activity is regulated by a unique process called reversible
disassembly, wherein V; detaches from the membrane integral V,
domain with concomitant release of subunit C into the cytosol (Parra
et al, 2014; Oot et al, 2017) (Appendix Fig S1B). This process is rever-
sible in vivo, and thus dissociated components can reassemble into a
holoenzyme under favorable conditions. V-ATPase regulation by
reversible disassembly has been extensively characterized on a cellu-
lar level in yeast (Parra et al, 2014), and while the process is
conserved in mammals (Trombetta et al, 2003; Sautin et al, 2005;
Stransky & Forgac, 2015; Bodzeta et al, 2017), much less is known
about the mechanism and signaling pathways in higher organisms.
From studies in yeast, we know that disassembly due to, e.g., glucose
withdrawal requires both ATP hydrolysis by the enzyme, as well as
an intact microtubule network, and that (re)assembly is facilitated by
the heterotrimeric chaperone complex “Regulator of ATPases of
Vacuolar and Endosomal membranes” (RAVE), along with glycolytic
enzymes aldolase and phosphofructokinase-I (Parra & Kane, 1998; Xu
& Forgac, 2001; Lu et al, 2007; Chan & Parra, 2014; Smardon et al,
2015). Recent structural studies conducted with the yeast enzyme
showed that V-ATPase disassembly is accompanied by dramatic
conformational changes of the V; and V,, subunits that form the inter-
face in the holoenzyme (Couoh-Cardel et al, 2015; Oot et al, 2016).
These structural changes result in autoinhibition of disassembled V,
and V, subcomplexes, in that V; can no longer hydrolyze MgATP, and
V, becomes sealed to protons (Zhang et al, 1992; Graf et al, 1996;
Parra et al, 2000; Couoh-Cardel et al, 2015). In V,, autoinhibition is
largely due to an association of ayt (part of the “stator” of the V,
motor) with subunit d (part of the rotor), an interaction not present in
the holoenzyme (Couoh-Cardel et al, 2015; Mazhab-Jafari et al, 2016;
Roh et al, 2018). Another structural change that accompanies enzyme
dissociation occurs in V; subunit H: upon V; detachment from V,,
subunit H’s C-terminal domain (Hcr) rotates and moves from a bind-
ing site on ayr, which is required for activity of the holoenzyme (Ho
et al, 1993), to a binding site on A;B;, which leads to autoinhibition of
V; (Oot et al, 2016). Hcr binding to V; stabilizes an open catalytic site,
which results in entrapment of MgADP at an adjacent closed catalytic
site (Oot et al, 2016). During in vivo reassembly, Her and inhibitory
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MgADP are released from V; by an as yet unknown mechanism (Oot
et al, 2017). Thus, Hcr-mediated inhibition is a major obstacle in the
reassembly of V; and V, into holoenzyme in vitro. However, amino
acid sequence analysis revealed that mammalian Hcr lacks the eleven-
residue loop found in yeast Her that is responsible for autoinhibition
of yeast V; (Oot et al, 2016). We recently showed that replacing wild-
type H (Hy) in yeast with a chimeric form of H consisting of yeast
Hyt and human Her (Henim) activates Vi’s MgATPase activity and
allows for in vitro assembly of coupled holo V-ATPase (Sharma et al,
2019). Moreover, biophysical experiments indicated that V-ATPase
containing Henim is more stable (less prone to disassembly) than the
wild-type yeast enzyme since human Her binds well to yeast ay, but
has little to no affinity for yeast V,. However, despite recent progress
with structure determination of holo V-ATPases from a variety of
sources (Abbas et al, 2020; Wang et al, 2020a, 2020b), key aspects of
the molecular mechanism of V-ATPase regulation by reversible disas-
sembly remain largely elusive.

Here, we characterize in vitro assembled and lipid nanodisc recon-
stituted yeast V-ATPase (V,HenimVoND) using cryo-electron micro-
scopy (cryoEM) and biochemical experiments. Previous cryoEM and
crystal structures of yeast holoenzyme and autoinhibited V; and V,
subcomplexes revealed that while active V-ATPases populate three
distinct rotary states (states 1-3) (Zhao et al, 2015), autoinhibited V,
and V, subcomplexes are halted in states 2 and 3, respectively
(Mazhab-Jafari et al, 2016; Oot et al, 2016; Stam & Wilkens, 2017;
Roh et al, 2018). In the current study, we found that V-ATPases that
were assembled in vitro from state 2 V;Hpin, and lipid nanodisc recon-
stituted state 3 V, populated all three rotary states, with the majority
of the particles in state 1, similar to what had been observed for the
wild-type holoenzyme purified from yeast. Since in vitro assembly
was carried out in absence of ATP, this means that activation of the
V, and subsequent rotation of the DFd:c-ring central rotor subcomplex
is driven solely by the formation of protein-protein interactions at the
V-V, interface. Another peculiar feature of the eukaryotic V-ATPase
is the unequal angular spacing of the proton carrying glutamic acid
residues of the c-ring due to the presence of the single-copy proteolipid
subunit ¢”, a structural feature whose role in enzyme function is not
understood. An analysis of the structures of the three rotary states at
the level of the c-ring suggests that this unequal spacing of the c-ring
glutamates serves to alleviate the symmetry mismatch between the
three-step V; motor and the ten-step c-ring proton turbine, a hypothe-
sis that is supported by in vivo mutagenesis experiments that show
that a symmetric c-ring results in complete loss of function. Finally,
the cryoEM analysis of in vitro assembled holoenzyme revealed a
population of free V;-ATPase molecules bound to subunit C and a
hitherto unseen binding partner of V;, the TLDc domain of yeast
Oxrlp. Biochemical experiments show that Oxrlp binding inhibits V-
ATPase activity and promotes holoenzyme disassembly. From the
data, we propose that Oxrlp provides a mechanism of V-ATPase
disassembly that is independent of the enzyme’s catalytic activity.

Results
CryoEM structures of in vitro reconstituted yeast holo V-ATPase

We recently described an in vitro procedure for reconstituting highly
active and stable yeast holo V-ATPase from purified V,, subunit C,
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and V;-ATPase containing a mutant form of subunit H (Hepim)
composed of yeast N- and human C-terminal domains (Sharma
et al, 2019). Briefly, yeast V;-ATPase is affinity captured from a
strain in which the gene for subunit H is deleted, and the resulting
V,AH is reconstituted with recombinant Hepjy. Purified V,Hepim is
then combined with V, in lipid nanodisc (V,ND) together with
recombinant subunit C to assemble V;HchimVoND (Fig 1A and B).
ViHenimVoND’s specific MgATPase activity is typically in the range
of 8-12 pmol x (min x mg)~' and > 90% sensitive to the V-ATPase
specific inhibitor Concanamycin A (ConA) (Fig 1C), indicating that
the Henim containing enzyme is tightly coupled. Purified ViHepim-
VoND (Fig 1D) was vitrified on holey gold grids and imaged by
cryoEM, and a dataset of ~570,000 particles was subjected to 2-D
reference-free classification and 3-D reconstruction protocols
(Fig EV1). From the analysis, we obtained maps of the holoenzyme
in the previously observed rotational states 1-3 at overall resolu-
tions of between 4.2 and 6.6 A (Appendix Table S1). Focused
refinement using V; and V, masks improved local resolution for
some parts of the maps to ~3.2 A, allowing visualization of side-
chain density for most of the V; subcomplex (Appendix Fig S2).

Reconstituted ViHchimVoND populates all three rotational states

Previous work by the Rubinstein group showed that wild-type V-
ATPase purified from yeast exists in three rotary states (termed
states 1-3) that are distinguished by ~120° rotations of the central
rotor (subunits DFdcgc’c"Voal, or DFd:c-ring) relative to the stator
(subunits A3;B;CE;GsHaef) (Zhao et al, 2015). The three states,
which were not equally populated, likely resulted when MgATP was
exhausted upon cell lysis and subsequent protein purification.
However, since purified ViHg,im and V,, are locked in rotary states 2
and 3, respectively, and since in vitro assembly of V Hcpim, VoND,
and C was carried out in absence of MgATP, our expectation was
that the resulting V;HepimVoND complexes should be in state 2 and/
or state 3. Surprisingly, the cryoEM analysis of the in vitro assem-
bled V-ATPases revealed the presence of all three rotary states, with
classes representing states 1, 2, and 3 containing 59, 30, and 11% of
the holoenzyme particles (Figs 1E and EV1). This distribution, with
the majority of particles in state 1, is similar to the one observed for
wild-type complexes isolated from yeast (Zhao et al, 2015). The
observation that most of the particles populated state 1 indicates
that the free energy that is released upon the formation of protein-
protein interactions at the V-V, interface (Fig 1A) is sufficient to

Figure 1. Reconstitution and cryoEM analysis of yeast V-ATPase.

Coomassie-stained SDS-PAGE (from left to right) of Hcnim, V1AH, V,ND, and C.

Silver stained SDS-PAGE of ViHchimVoND.
CryoEM maps of rotational states 1-3 of the in vitro assembled holoenzyme.

mm g O W >
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relieve the inhibitory ayr-d interaction present in free V, (Couoh-
Cardel et al, 2015), and rotate the central stalk complex (DFd:c-ring)
in the absence of ATP to produce the equilibrium distribution
dictated by the states’ overall energies, with state 1 having the
lowest energy.

The c-ring asymmetry is required for V-ATPase function

V-ATPase consists of two stepping motors, V; and V,, that are
coupled via the central stalk (Fig 1F). In the V,-ATPase motor, the
DF subcomplex rotates in steps of 120° powered by cyclic ATP
hydrolysis on the three catalytic nucleotide-binding sites located at
alternating AB interfaces (Fig 1F, left panels). The proton carrying
cring of the V,, however, rotates in ten steps, with the pauses
(dwell times) between each step transiently stabilized by the forma-
tion of a salt bridge between proton carrying c-ring glutamic acid
residues and the essential arginine of acr (Fig 1F, top left of right
panels). A peculiar feature of eukaryotic V-ATPase is the asymmetry
of its c-ring due to the presence of the ¢” proteolipid. Each prote-
olipid has four transmembrane (TM) o helices, with helices 2 and 4
forming the outer, and helices 1 and 3 the inner ring of the c-ring.
The ¢” proteolipid contains an extra N-terminal o helix that is posi-
tioned in the center of the c-ring cylinder and referred to as ¢"TMO0
(Fig 1F, right panels). Whereas nine of the ten proteolipids (cs¢’ in
yeast) have the proton carrying glutamate on the outer surface of
TM helix 4 (E137 and E145 for ¢ and ¢/, respectively), ¢” has the
glutamic acid on helix 2 (E108 in yeast) (Hirata et al, 1997; Mazhab-
Jafari et al, 2016; Roh et al, 2018; Fig 1F, right panels). This
arrangement creates an unequal angular spacing of the glutamic
acid residues, with one full 360° rotation of the c-ring being divided
into eight steps of 36°, and each one step of 18° and 54° between
the glutamate on ¢” and the glutamates on the neighboring c(;) and
¢’ subunits (Fig 2A). We recently determined a 2.7 A cryoEM struc-
ture of yeast V,, and from accompanying MD simulations, we found
that the unequal spacing of the glutamic acid residues contributes to
the autoinhibition of passive proton translocation through free V,
(Roh et al, 2020). However, whether the asymmetry, which is
unique to the eukaryotic V-ATPase (virtually all of the related F-, A-
and A/V-like ATPases/synthases have symmetric c-rings) also plays
a role in holoenzyme function, is not known. To address the ques-
tion whether the c-ring asymmetry is required for V-ATPase func-
tion, we generated three mutants in yeast c”: (i) the essential
glutamate in ¢” (E108) was changed to glycine (c"E108G; Delete),

Reconstitution of yeast V-ATPase from Hpim containing Vi (VaHchim), lipid nanodisc reconstituted V, (V,ND), and recombinant subunit C.

Representative ATPase activity assay (ATP regenerating system). At the indicated time, 200 nM ConA is added to the assay.

Middle panel: Ribbon diagram of the state 1 ViHnimVoND holoenzyme. Subunit A, magenta; B, light green; C, tan; D, red; E, light blue; F, grey; G, orange; H, yellow; a,

green; cg, pink; ¢, orange; ¢”, yellow; d, cyan; e, blue; f, purple; Voal, red. Left panel, top: Cross section of V;-ATPase at the level indicated. The three nucleotide-binding
sites are indicated by red arrowheads. Left panel, bottom: The central rotor of the V; motor (subunits DF) rotates in steps of 120°. Right panels: Cross section of the c-
ring at the level indicated. The c-ring of the V, proton turbine rotates in ten steps, with each step stabilized by a transient salt bridge between a c-ring glutamic acid
and the essential arginine of acy (Arg735 in yeast). Each proteolipid subunit is organized in a four o helix bundle, with helices 2 and 4 forming the outer, and helices 1
and 3 forming the inner ring of the c-ring. Whereas the ¢ and ¢’ subunits have the glutamic acid on o helix 4, ¢” has the glutamate on helix 2, creating an unequal
spacing of the c-ring glutamic acid residues, a unique feature of eukaryotic V-ATPase.

© 2021 The Authors
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Figure 1.

(ii) the equivalent position in TM o helix 4 was changed to a gluta-
mate (c"S192E; Addition), (iii) and a double mutant was generated
to switch the essential glutamate from TM a helix 2 to helix 4 (¢”
E108G/S192E; Switch) to create a symmetric distribution of c-ring
glutamic acid residues (Fig 2B). We then tested the vma- growth
phenotype of the three mutants compared to wild type (Fig 2C). The
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State 3, 6.6A
15,741 particles

State 2, 4.8A
42,206 particles

Vo proton turbine

State 1 V1V,

vma- phenotype of mutant yeast strains that lack functional V-
ATPase is characterized by varying levels of growth inhibition
depending on pH of the media and the presence of calcium or zinc
ions (Nelson & Nelson, 1990). From previous work it was known
that ¢"E108 is essential for V-ATPase function (Hirata et al, 1997),
and we therefore included the c"E108G Delete mutant as a control.

© 2021 The Authors
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] Delete
Wild type ¢"E108G
(Ems(ligz

Addition Switch
c"S192E c"E108G/S192E

YPD pH 5

D 4x36°=144° E

3 x 36°
= 108°

E. hirae A/N-type ATPase

State 1

Figure 2. Asymmetry in c-ring serves to accommodate symmetry mismatch.

YPD pH 7+Zn?* YPD pH 7+Ca®* YPD pH 7 YPD + Ca?*

State 2 State 3
S. cerevisiae V-ATPase

A Cross section of the yeast V-ATPase c-ring (as seen from the cytosol toward the membrane), highlighting the unequal angular spacing between c-ring essential
glutamic acid residues. Due to the unique position of c"E108, the angular spacings between c-ring essential glutamates are 8 x 36°, 1 x 18° and 1 x 54°. This
asymmetry allows one full 360° rotation to be divided into two steps of 3.5 x 36° = 126°, and one step of 3 x 36° = 108°, thus causing less strain in the DF central

rotor subcomplex.

B Positions of c-ring essential glutamic acid residues in wild-type and mutant strains c"E108G (Delete), c"S192E (Addition) and c"E108G/S192E (Switch). Small red circles
indicate glutamic acid residues and numbered circles indicate the TM helix of each proteolipid chain. Only a part of the c-ring is shown.

C Growth phenotypes of wild-type and ¢”-mutant yeast strains probed on (1) rich media buffered to pH 5 (YPD pH 5); (2) synthetic dropout (SD) plus all amino acids (SD
+all a.a); (3) SD minus uracil (SD - ura); (4,5 YPD buffered to pH 7 plus 4 mM Zn?" or 60 mM Ca?", respectively; (6) YPD buffered to pH 7; (7) YPD plus 60 mM Ca*".

D Cross section of the symmetric 10 ring of the A/V-type ATPase from Enterococcus hirae (PDB 2BL2) (Murata et al, 2005). The three steps of the symmetric c-ring are

two steps of 108°, and one step of 144°.

E Measured angles of c-ring rotation between states 1-3 of yeast V-ATPase. The measured rotation angles deviate slightly from the predicted angles due to a small
“over rotation” of state 2, which brings the three c-ring angles even closer to the 120° steps of the DF central rotor.

Growth on rich media (YPD) buffered to pH 5 does not require V-
ATPase activity, and consequently, all strains grow under this
condition (Fig 2C1). Growth is also observed on synthetic dropout
media (SD) containing all amino acids (Fig 2C2), but since the

© 2021 The Authors

URA3 selection marker was used to delete the gene for ¢” (VMA16),
only vmal6A grows in absence of uracil (Fig 2C3). The most strin-
gent growth media is buffered to pH 7 and contains Zn*" or Ca®',
conditions under which only wild type is able to grow (Fig 2C4,5).
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The least stringent media, YPD pH 7, allows some growth of all
strains (Fig 2C6); however, the more stringent YPD + Ca*" only
shows growth for the Delete (c"E108G) and Addition (c"S192E)
mutants, but not for the Switch (c"E108G/S192E) mutant strain
(Fig 2C7). Moreover, the Switch mutant shows weakest growth
compared to the Deletion and Addition mutants under any of the
permissive conditions, indicating that the asymmetry in the angular
spacing of the c-ring due to c” is essential for V-ATPase activity.

The unequal spacing of c-ring glutamates alleviates symmetry
mismatch between c-ring and catalytic sites

The loss of function caused by the Switch mutant is striking and can
be rationalized by the following considerations: One full rotation of
a symmetric c-ring as found in, e.g., the Enterococcus hirae A/V-like
enzyme would have to be divided into two steps of 108° and one
step of 144° (Fig 2D), a mismatch to the 120° steps of the ATPase
motor that would require significant under- and overtwisting of the
central rotor in at least one of the three rotary states. The situation,
however, is different in the eukaryotic V-ATPase. As a result of the
asymmetry, one full 360° rotation of the c-ring can be divided into
two steps of 126° (each 3.5 x 36°) and one step of 108° (3 x 36°),
which is closer to the 120° steps of the V, (Fig 2A). Whereas the
resolution of the V, in our maps of yeast V{Hg,;mV,ND, especially in
states 2 and 3, is insufficient to accurately model amino acid side
chains, the rotary positions of the c-ring in the three states are well
defined and allow measurement of the rotation angles relative to
acr with high confidence. An analysis of the holoenzyme structures
reveals that the stopping positions of the c-ring in the three rotary
states are even more closely aligned with the three 120° steps of the
ATPase motor due to the conformational flexibility of the arginine
side chain. This flexibility allows the ring to pause in state 2 a little
further toward state 3 than predicted by above considerations,
resulting in angles of ~120, 117, and 123° between states 1 and 2, 2
and 3, and from 3 to 1, respectively (Fig 2E). Of note, similar c-ring
rotation angles between states 1 and 3 as observed here for the yeast
enzyme are also obtained for V-ATPases from other species (Abbas
et al, 2020; Wang et al, 2020a, 2020b) (Fig EV2), highlighting the
conserved nature of V-ATPases from yeast to mammals. Impor-
tantly, this evening out of the c-ring rotation steps works only if ¢”
E108 forms a salt bridge with acrR735 in one of the three rotary
states of the holoenzyme. This condition is exactly what is observed
in state 3 (Mazhab-Jafari et al, 2016; Roh et al, 2018), thus lending
support for our hypothesis that the unequal spacing of the c-ring
glutamates serves to alleviate the symmetry mismatch between
ATPase motor and c-ring stepping.

Structure of V,-ATPase in complex with subunit C and Oxrlp

3-D classification of the ~570,000 particle dataset revealed a minor
subset (~3%) of V;-ATPase particles, which allowed reconstruction
of a 3.8 A resolution map. Importantly, while this V; subcomplex
lacked subunit Hgpin, the complex contained subunit C and a hith-
erto unseen density of ~25 kDa that was wedged between C, EG2,
and the C-termini of the adjacent A and B subunits (Fig 3A). Upon
close examination of this density, we found that none of the previ-
ously structurally characterized components (V-ATPase subunits or
subunit domains) provided a match, and since there was no prior
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report of a V; or V,V, structure with a macromolecule bound at that
site, we reasoned that this extra density may belong to a separate
and unknown polypeptide that is co-purified with V;AH used for
in vitro V-ATPase assembly. To determine the identity of this struc-
tural component, we performed mass spectrometry of ViHchim
(Fig 3B; Dataset EV1). The analysis revealed several proteins that
were present at significant levels based on the peptide spectrum
matches (PSM) and the overall posterior error probability (PEP)
score, most notably YPL196W, the yeast homolog of Oxidation
Resistance protein 1 (Oxrlp, hereafter referred to as Oxr1) (Fig 3B).
Yeast Oxrl is a 273-residue protein with a C-terminal Tre2/Bub2/
Cdcl16, LysM, domain catalytic (TLDc) domain, which is conserved
in the OXR1 and nuclear receptor coactivator 7 (NCOA7) paralogs
found in higher organisms (Durand et al, 2007; Finelli & Oliver,
2017; Fig EV3A and B). An interaction between NCOA7 and V-
ATPase has previously been described in the mouse brain and
kidney (Merkulova et al, 2015; Castroflorio et al, 2021). To explore
whether the novel density belongs to Oxrl, we generated a homol-
ogy model of the yeast protein using the crystal structure of zebra-
fish OXR2 TLDc domain (PDB 4ACJ) (Blaise et al, 2012) as a
template (Fig 3C). Fitting the model to the map showed that
secondary structure elements and many bulky side chains matched
the cryoEM density well (Fig 3D), providing strong evidence that
the density indeed represents Oxrl. The V; complex containing C
and Oxr1 is hereafter referred to as V,(C)Oxr1 (Fig 3E). PISA analy-
sis revealed that the interface of Oxrl’s TLDc domain with periph-
eral stator EG2, the C-terminal domains of subunit A and B, and the
foot domain of subunit C (Cgo) is largely driven by electrostatic
and hydrophobic interactions, with buried surface areas of 649, 250,
395, and 572 A?, respectively (Fig 3F). The analysis also showed
that many of the interacting residues on both Oxrl and V-ATPase
subunits are strictly conserved between yeast and higher organisms
(Fig EV3C and D). It should be noted that there was no clear density
that could account for the N-terminal 62 residues of Oxr1, which are
predicted to be largely disordered (Appendix Fig S3).

Oxrl inhibits V;-ATPase and promotes V-ATPase disassembly

To explore the functional consequence of the interaction of Oxrl
with yeast V-ATPase, we cloned yeast OXR1 (YPL196W) with a N-
terminal 7xHis-tag for expression in Escherichia coli. Size exclusion
chromatography shows that Oxr1 elutes from the column in a single
peak corresponding to a mass of ~30 kDa, indicating that the protein
is a monomer in solution (Fig 4A).

Oxr1 inhibits V;-ATPase

The structural model of V;(C)Oxrl shows Oxrl’s TLDc domain
wedged between the N-termini of EG2, Cjo, and the C-terminal
domains of the subunit AB pair that faces the open catalytic site in
rotary state 1, respectively (Fig 3E), suggesting that binding of Oxr1
may interfere with the activity of the complex. We therefore first
tested whether Oxr1 has an effect on V;’s ATPase activity. While V,
purified from yeast containing Hy, has no ATPase activity in pres-
ence of Mg2+ (Parra et al, 2000; Zhang et al, 2003), V;AH and
V1Hchim possess robust MgATPase activity, which, however, quickly
decays due to trapping of inhibitory MgADP in a catalytic site (Parra
et al, 2000; Oot et al, 2016). Preincubation of V; mutant complexes
with equimolar amounts of Oxrl resulted in ~10 and ~50%
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Figure 3. Structure of yeast V, in complex with subunit C and Oxr1’s TLDc domain.
A 38 AcryoEM map of V; in complex with subunit C, highlighting the hitherto unseen density (red) wedged between subunits B and C and the N-terminal part of

peripheral stator EG2.

B Mass spectrometry analysis of V1Hcnim. Protein IDs are plotted as a function of overall peptide spectrum matches (PSM) and the posterior error probability (PEP)

scores.

C Left, homology model of yeast Oxrl (residues 70-232) based on zebrafish OXR2’s TLDc domain (PDB 4AC)) (Blaise et al, 2012). Right, fit of the real space refined yeast

Oxrl homology model into the cryoEM density.

D Enlarged view of the central B sheet comprising residues Y130-K135 (B2), 1141-5146 (B3), F165-K168 (B4), and A266-R271 (B8).
E Ribbon diagram of V;(C)Oxrl featuring the binding position of Oxrl between EG2, the C-terminal domains of the subunit AB pair adjacent to the open catalytic site,

and subunit C.

F  Electrostatic surface representations of V; subunits E, A, B, and C involved in Oxrl binding.

inhibition of the MgATPase activity of V;AH and V,Hgpim, respec-
tively, as measured in an ATP regenerating assay (Fig 4B). Addition
of recombinant subunit C increased Oxrl’s inhibitory effect for
V;AH and ViHgpim to ~50 and ~80%, respectively. Together with
our structural observations (Fig 3), this suggests that Oxr1 interferes
with cooperative catalysis, and while subunit C enhances the inhibi-
tory effect, it is not strictly required for binding of Oxr1 to V;.

Oxr1 binding to V;-ATPase is cooperative with subunits C and H

We next tested whether Oxrl also interacts with wild-type V; (con-
taining H,) using size exclusion chromatography. We incubated V;
with Oxrl in absence or presence of excess subunit C and applied
the mixtures onto a Superose 6 Increase column. SDS-PAGE and

© 2021 The Authors

immunoblot analysis of elution fractions indicated that Oxrl co-
eluted with V,, irrespective of whether subunit C was added
(Fig 4C). Surprisingly, the size exclusion chromatography analysis
of the mixture of wild-type V; with Oxrl and subunit C indicated
that Oxrl and C binding leads to partial release of subunit H,
suggesting that stable binding of H or C/Oxrl is mutually exclu-
sive. To test this hypothesis, we immobilized maltose-binding
protein (MBP) tagged Hy. or Hepim On BLI sensors to determine off-
rates of V;AH dissociation in presence and absence of Oxrl and
Oxrl + C. While Oxrl alone had little to no effect on V,AH dissoci-
ation, dipping BLI sensors into wells with Oxrl in presence of
recombinant C resulted in a significantly faster off-rate, with the
effect more pronounced for the dissociation of V;AH from Hgpip,
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compared to Hy, (Fig 4D). The data thus confirms that stable bind-
ing of H, or Oxrl and C, is mutually exclusive, and suggests that
V1(C)Oxrl is overall more stable (has a lower energy) than V;Hy,
or Vchhim-

Oxr1 prevents in vitro assembly of holo V-ATPase

Given that Oxrl binds and inhibits V ;Hg, in a subunit C-
dependent manner, we wished to determine whether Oxrl inter-
fered with in vitro assembly of holo V-ATPase. We mixed ViHcpim

Md. Murad Khan et al

with Vo,ND and subunit C with and without Oxrl and incubated the
mixture for 16 h at room temperature. In absence of Oxrl, we
measured a specific MgATPase activity of ~8 umol x (min x mg) ™.
Incubation of ViH¢him, VoND, and C in presence of Oxrl, however,
did not result in significant MgATPase activity (Fig 4E), indicating
that binding of Oxr1 and C to V,Hcpin, interfered with the formation
of active holoenzyme. However, this result did not exclude the
possibility that assembly took place, but that the assembled
complex was inactive due to bound Oxrl. To answer this question,
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Figure 4. Oxrl inhibits V-ATPase’s MgATPase activity and in vitro assembly.

A Size exclusion chromatography elution profile (1.6 cm x 50 cm Superdex S75) and SDS-PAGE of full-length N-terminally 7xHis tagged yeast Oxrl.

B Inhibition of V1AH and ViHchim's MgATPase activity by Oxrl in absence and presence of subunit C. The data from one representative of two experiments using two
different preparations are shown. Individual data points (n = 2) and mean from one representative of two biological replicates are shown with error bars
representing SEM.

C Oxrl binds wild-type V. Samples of V4, Oxrl, and mixtures of V; with a 2-fold molar ratio of Oxrl in absence or presence of a 3-fold molar ratio of subunit C were
subjected to size exclusion chromatography on a 1 cm x 30 cm Superose 6 Increase column. SDS-PAGE is shown for all four samples and immunoblot analysis of
column fractions using a penta-His antibody is shown for samples containing Oxrl and Oxrl plus C. Note that incubation of V; with Oxrl in presence of excess
subunit C leads to partial release of subunit H (highlighted by the rectangular box in the V; + Oxrl + C gel). Also, some degradation of Oxrl’s unstructured N-
terminus is observed as indicated by the asterisk (only the full-length protein is detected by the aHis-tag antibody). The data from one representative of two
experiments using two different preparations are shown.

D Dissociation kinetics of Hy: and Henim from V3AH in presence of Oxrl and subunit C as probed by BLI. Recombinant wild-type (left) and chimeric subunit H (right)
with an N-terminal fusion to maltose-binding protein (MBP) was immobilized on anti-mouse F. (AMC) BLI sensors via an «MBP monoclonal antibody. The sensors
were then dipped into wells with V;AH followed by wells with buffer in absence or presence of Oxrl and C to monitor the kinetics of V;AH dissociation. Only the
dissociation phase is shown. The data from one representative of three experiments using two different preparations are shown.

E Oxrl mediated inhibition of assembly of holo V-ATPase from ViHcnim, Subunit C and V,ND. The data from one representative of two experiments using two different
preparations are shown. Individual data points (n = 2) and mean from one representative of two biological replicates are shown with error bars representing SEM.

F  Oxrl prevents binding of VaHchim to VoND as probed by BLI. Streptavidin-coated BLI sensors were loaded with V, in lipid nanodiscs containing biotinylated MSP, and
sensors were then dipped into wells containing recombinant C and ViHchim in absence and presence of Oxrl. Only the VaHchim association and dissociation phase
from one representative of two experiments using two different preparations is shown.

G Oxrl mediated dissociation of holo V-ATPase as analyzed by negative stain electron microscopy. VaHchimVoND was incubated without and with a 3-fold molar ratio of
Oxrl for 16 h. Samples were then spotted on carbon-coated copper grids, stained with 1% uranyl acetate, and observed by transmission electron microscopy.
Number of assembled V,V, and disassembled V; and V, particles were counted on a total of 20 micrographs each. The horizontal dotted lines indicate the mean. A
few holoenzyme and free V; and V,ND particles are highlighted by white circles and boxes, respectively. Bar = 50 nm. The data from one representative of two

experiments using two different preparations are shown.

we performed a biolayer interferometry (BLI)-based assay that we
had developed previously to study in vitro V-ATPase assembly
(Sharma et al, 2019). Here, V,ND is immobilized on streptavidin-
coated BLI sensors via biotinylated MSP and sensors are then
dipped into wells containing V;H.nim and C in presence or absence
of Oxrl. In absence of Oxrl, robust binding was observed, indicat-
ing binding of V,Hchim to immobilized V,. However, very little BLI
signal was produced in presence of Oxrl, indicating that assembly
does not take place under these conditions (Fig 4F). The results
thus suggest that binding of Oxrl and C to V;H., prevented
assembly of holo V-ATPase.

Oxr1 causes disassembly of V-ATPase holoenzyme

To test whether Oxrl has an effect on the assembled enzyme, recon-
stituted V;HenimVoND was first subjected to size exclusion chro-
matography on a Superose 6
unassembled components (Fig EV4A). V{HchimVoND was then incu-
bated with and without Oxr1 for 16 h before the assembly state was
determined using negative stain electron microscopy (Fig 4G). The
analysis shows that in absence of Oxrl, ~85% of the complexes
were assembled, whereas in presence of Oxrl, fewer than 40% of
the complexes remained intact (Fig 4G). Consistent with this analy-
sis, the ATPase activity was reduced by about 35% from ~18.7 to
~12 pmol x (min x mg)’1 after the 16 h incubation in presence of
Oxrl (Fig EV4B). To rule out the possibility that Oxrl-induced
dissociation is due to the presence of Hcnim, We isolated vacuoles
with Hy, containing V-ATPases to test the effect of Oxrl binding. As
with in vitro reconstituted V,HenimVoND, Oxrl led to inhibition and
dissociation of the wild-type enzyme (Fig EV4C). Interestingly, inhi-
bition of the Hy, containing enzyme in vacuoles was significantly
faster compared to the Hcyy containing complex, consistent with
our earlier BLI-based observations that showed a greater stability of
V1HchimVoND compared to wild-type V;V,ND (Sharma et al, 2019).
In summary, Oxrl (i) binds and inhibits mutant V; subcomplexes in

Increase column to remove

© 2021 The Authors

a subunit C-dependent manner, (ii) destabilizes the interaction of
V,;AH with Hy, and Hepin, (iii) prevents assembly of holoenzyme,
and (iv) interacts with holo V-ATPase to cause disassembly into V,
and V, subcomplexes.

Conformational changes in V;-ATPase due to Oxrl and subunit C
binding

We previously reported a crystal structure of yeast V; that showed
Hyr attached to peripheral stator EG1 and Hcr bound at the
bottom of the A3B; hexamer (Oot et al, 2016) (Fig 5A). The bind-
ing of Hcr stabilized an open catalytic site (see arrow in Fig 5A,
lower panel), which in turn stabilized inhibitory MgADP at an
adjacent site, resulting in the autoinhibited conformation of V;. A
comparison to the three rotary states of the holoenzyme revealed
that autoinhibited V, is halted in state 2 (Oot et al, 2016). In
contrast, the map of V;(C)Oxrl does not have density for Hehim
(Figs 3A and 5B). Based on the positions of subunit C and the
central DF rotor, the complex is in rotary state 1, with the open
catalytic site next to Oxrl (see arrow in Fig 5B, lower panel).
However, a comparison to rotary state 1 of the holoenzyme
(Fig SC) reveals significant changes in the conformations of the
subunits involved in Oxrl binding, including the N-terminal
domains of EG2 and EG3, which are displaced by 30 and 20 A,
respectively, and subunit C, which is displaced towards the A;B;
hexamer by 22-26 A (Fig 5C and Movie EV1). It is evident that
especially the conformation of EG2 in the V;(C)Oxrl complex is
no longer positioned correctly for supporting the interface
between ant and Cioor, a structural change that may provide a
rationale why Oxrl inhibits H.,;, mediated assembly of the
holoenzyme (Figs 4F and 5D). In summary, the structural and
biochemical data indicate that Oxrl and subunit C binding to V, is
highly cooperative, and that the resulting V,(C)Oxr1 complex has
higher stability than V; or V,V,.
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Figure 5. Conformational changes in V;-ATPase due to Oxrl and subunit

C binding.

A Crystal structure of V; in the autoinhibited state 2 conformation (PDB
5D80) (Oot et al, 2016). Hcr of wild-type H stabilizes an open catalytic site
(arrow) with inhibitory MgADP bound to an adjacent site.

B Model of V; in complex with subunit C and Oxrlp. In this complex, V; is in
state 1, with C bound between EG2 and EG3. Oxrl (red) is wedged between
the N-terminal domain of EG2, the subunit AB pair next to the open
catalytic site, and Croor.

C Structural changes in EG2, EG3, and subunit C upon Oxrl binding.

D Oxrl causes disassembly of holo V-ATPase. In this model, Oxrl binding
destabilizes the interaction between EG2, Croor, and the distal domain of
ant, Which leads to release of V, from the membrane.

Discussion

We have previously shown that autoinhibited wild-type V; and V,
do not reassemble in vitro with a measurable rate, despite the
process being thermodynamically favored (Sharma et al, 2019). We
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reasoned that the disassembled subcomplexes do not reassociate
because both are stabilized by interactions not present in the
holoenzyme, resulting in a conformational mismatch: autoinhibited
V; is locked in rotary state 2 by inhibitory MgADP and Hcr binding
to the open catalytic site, whereas V, is arrested in state 3, which is
stabilized by the interaction between ayr and d. Thus, breaking one
or both of these interactions must represent the rate-limiting kinetic
barrier(s) that prevent spontaneous reassembly.

The crystal structure of autoinhibited V,; showed that the inhibi-
tory interaction between Her and the open catalytic site is mediated
by an eleven-residue loop that is not found in higher organisms
(Oot et al, 2016). We therefore introduced a chimeric subunit H
construct with yeast Hyr and human Her (Hepim). Importantly,
human Hcr lacks the inhibitory loop found in yeast Her, but retains
the binding site for ayr, which is conserved from yeast to human
(Oot et al, 2016). Unlike wild type yeast V;, which is catalytically
inactive, V,AH reconstituted with Hp;,, has robust MgATPase activ-
ity and is able to bind C and V, to form coupled holo V-ATPase
(Sharma et al, 2019). Our cryoEM analysis of the in vitro reconsti-
tuted holoenzyme revealed a similar distribution of rotary states 1-3
as had been observed for the enzyme purified from yeast (Zhao
et al, 2015). This suggests that the main kinetic barriers for (re)
assembly of the wild-type enzyme are the release of (i) MgADP from
a closed catalytic site and (ii) Hcr from its inhibitory binding site on
V;. However, the mechanisms by which Hcr and inhibitory MgADP
are released from wild-type V; in vivo are currently not known.

A unique feature of the eukaryotic V-ATPase is the unequal spac-
ing of its ten c-ring glutamic acid residues due to the presence of the
proteolipid subunit ¢”, which carries its essential glutamate on TM
helix 2 instead of helix 4 as for the other nine proteolipids. From
molecular dynamics simulations, we recently argued that the asym-
metry created by the unequal glutamate spacing contributes to the
autoinhibition of passive proton transport across free V, (Roh et al,
2020). However, whether the asymmetry also functions in ATP
hydrolysis-driven proton transport remained unknown. The mutage-
nesis experiments presented here show that a V-ATPase c-ring with
equally spaced glutamic acid residues is inactive, suggesting that the
asymmetry is indeed required for a functional enzyme. Based on the
holoenzyme structures of rotary states 1-3, we propose that the
unequal glutamate spacings around c” serve to alleviate the symme-
try mismatch between the three 120° rotary steps of V; and the ten
steps of the V, by allowing a full 360° turn of the c-ring to be
divided into two steps of 126° (3.5 x 36°) and one step of 108°
(3 x 36°). In contrast, a symmetric c-ring would have to step 108°
twice and 144° once, which would require a too large under- and/or
overtwist of the central DFd rotor. Of note, the c-ring steps
measured for the yeast enzyme are even closer to 120° due to the
conformational flexibility of the side chain of Arg735. It is unclear at
this point why the E. hirae enzyme can tolerate the larger 144° step
of a symmetric c-ring. However, unlike eukaryotic V-ATPase, the
bacterial enzyme has only two peripheral stators, a structural
feature that may allow more flexibility and storage of elastic energy
during ATP hydrolysis-driven rotation of the central stalk.

Importantly, our cryoEM analysis of the reconstituted holoen-
zyme also revealed a structure of unassembled V,-ATPase in
complex with subunit C and Oxrl, a poorly characterized factor that
has hitherto not been described as being associated with the yeast
V-ATPase. Our experiments showed that recombinant Oxr1 not only
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binds and inhibits V;’s MgATPase activity in a subunit C-dependent
manner, the factor also leads to inhibition and disassembly of the
in vitro reconstituted and vacuole associated holoenzyme. The inhi-
bitory activity can be rationalized from the V;(C)Oxrl structure,
which shows Oxrl bound to the C-terminal domain of the B subunit
of the open catalytic site. This mode of interaction between Oxrl
and state 1 Vy, which, together with C, provides significant asymme-
try to V;AH subcomplex in rotational state 1, is reminiscent of the
interaction of wild-type Hep with the open catalytic site as seen in
the crystal structure of state 2 wild-type V, (Oot et al, 2016). There-
fore, it appears that both H (via Hcp) and Oxrl inhibit V; rotary
catalysis by stabilizing an open catalytic site, with concomitant
binding of inhibitory MgADP in an adjacent site as shown for wild--
type V. It is tempting to speculate that subunit H and Oxrl compete
for the binding interface formed at an open catalytic site. Moreover,
subunit H and Oxrl appear to stabilize different rotary states, with
H and Oxrl stabilizing state 2 and 1, respectively. This differential
stabilization by H or Oxr1 suggests that formation of a stable V,H or
V;(C)Oxrl complex is mutually exclusive, which may explain why
the V;(C)Oxrl complex here visualized by cryoEM does not contain
Henim, and why binding of Oxrl to wild-type V; in presence of C
leads to release of H. Thus, aside from the well-characterized regula-
tory mechanism of reversible disassembly in response to nutrient
availability, the work presented here uncovers an alternative path-
way of V-ATPase regulation, which is induced by binding of Oxrl
(Fig 6). Our biochemical experiments show that Oxrl-induced disas-
sembly, unlike the disassembly caused by glucose withdrawal, does
not require ATP hydrolysis. We previously provided evidence that
the ATP-dependent step of reversible disassembly is subunit C
release (Sharma et al, 2019). Here we showed that subunit C
remains bound during Oxrl-induced dissociation, an observation
that provides a possible explanation why Oxrl-dependent disassem-
bly does not require input of energy, and suggests that the process
is solely driven by the formation of new protein-protein interac-
tions.
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Figure 6. Regulation of V-ATPase assembly by nutrients and Oxr1.

Left side: V-ATPase activity is regulated by reversible disassembly in a nutrient-
dependent manner. Upon glucose withdrawal, active V,V, dissociates into
subunit C and autoinhibited V,-ATPase and V, proton channel subcomplexes
in an ATP-dependent manner. Reassembly of active V;V, from autoinhibited V;
and V, and C subunit requires the “Regulator of the H'-ATPase of the Vacuolar
and Endosomal membranes” (RAVE) complex. Right side: The here presented
data show that disassembly of V,V, can also be induced by presence of Oxrl.
The physiological role of Oxrl-induced disassembly, and whether there is a
mechanism in vivo to release Oxrl and reactivate V; for reassembly, is
currently not known.
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Early reports suggested that Oxrl in yeast is targeted to mito-
chondria, and that strains lacking the protein have increased sensi-
tivity to oxidative stress (Volkert et al, 2000). More recent reports
on the mammalian homologs OXR1 and NCOA7 provided direct
evidence for an interaction with V-ATPase, most likely via their
conserved C-terminal TLDc domain (Merkulova et al, 2015;
Castroflorio et al, 2021). Several studies indicated that OXR1/
NCOA?7 protects cells from oxidative stress in neuronal tissues, and
that lack of, e.g., NCOA?7 is correlated with reduced V-ATPase activ-
ity on lysosomal membranes. Reduced activity upon NCOA7 knock-
out was also observed for plasma membrane V-ATPases in mouse
kidney, resulting in a partial dRTA phenotype (Merkulova et al,
2018). However, these latter findings appear to be at odds with the
in vitro experiments presented here, showing that yeast Oxrl inhi-
bits and disassembles the holoenzyme. One possible explanation for
the conflicting observations is that Oxrl may play a role in the qual-
ity control of V-ATPase activity (Fig EVS). As mentioned in the
previous paragraph, only active V-ATPases have the ability to disas-
semble (Parra & Kane, 1998), which means that V,-ATPase subcom-
plexes that have lost the ability to hydrolyze ATP (due to, e.g.,
oxidative stress) would remain on the membrane, thereby occupy-
ing and preventing V, complexes from associating with undamaged,
active V;-ATPases. Binding of Oxrl to inactive holoenzyme
complexes and releasing the damaged V; subcomplexes would free
up intact V, complexes to allow for (re)assembly of active holoen-
zymes with the help of assembly factors such as the RAVE complex.
However, whether mechanisms exist to release Oxrl and repair and
reactivate damaged V; to allow reassembly of active holo V-
ATPases is currently unknown. Recently, the TLDc domain-
containing protein mEAK?7 was found to bind mammalian V-ATPase
at a site equivalent to the site where Oxr1 interacts with the complex
from yeast (preprint: Tan et al, 2021). However, unlike Oxr1, bind-
ing of mEAK?7 was found to have no effect on V-ATPase’s MgAT-
Pase activity or assembly state, indicating that while TLDc domain-
containing proteins share V-ATPase as a common binding partner,
their interactions with the complex are involved in diverse cellular
functions. Further experiments will be required to uncover the phys-
iological role of the interaction of Oxrl with the V-ATPase, and
whether the observations obtained here for the yeast system are
conserved in higher organisms including humans.

Materials and Methods
Purification of V, and reconstitution into lipid nanodiscs

Cell growth, membrane isolation, V,, purification, and reconstitution
were performed as described previously (Couoh-Cardel et al, 2016;
Stam & Wilkens, 2017). Briefly, yeast cells containing calmodulin-
binding peptide (CBP) tag fused to the C-terminus of Vphl (the
vacuolar isoform of subunit a) were harvested after 16 h of growth
(ODggo = 13.0) by centrifugation at 3,500 g, washed in water, and
resuspended in a lysis buffer (25 mM Tris-HCI, pH 7.4, 500 mM
sorbitol, 2 mM CDTA). Cells were broken using zirconium beads in
an inverted bead-beater. Cellular debris and mitochondria were
removed by low- (3,500 g) and medium-speed (13,000 g) centrifu-
gation, respectively. Total membranes were isolated by high-speed
centrifugation (200,000 g) for 2 h, washed once in lysis buffer,
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pelleted again (100,000 g) for 1 h, and resuspended in a Dounce
homogenizer. The protein concentration of the preparation was
measured by a modified Pierce TCA-BCA assay (Couoh-Cardel et al,
2015) and membranes were stored at —80°C until use.

Membranes were thawed and diluted in lysis buffer to reach a
concentration of 10 mg/ml. Membrane protein was extracted with
undecyl maltoside (UnDM) at a final concentration of 0.6 mg/mg in
presence of protease inhibitors (2 ug/ml leupeptin, 2 pg/ml
pepstatin, 5 pg/ml aprotinin, 0.5 pg/ml chymostatin, and 1 mM
PMSF) at 4°C with gentle agitation. After 45 min, 4 mM CacCl, was
added and extraction was continued for another 15 min. Extracted
membranes were cleared by ultracentrifugation (100,000 g) for 1 h
and passed over a 15 ml calmodulin sepharose (CaM) column pre-
equilibrated with calmodulin washing buffer (10 mM Tris-HCl, pH
8, 150 mM NaCl, 10 mM beta-mercaptoethanol (f-ME), 2 mM
CaCl,, 0.06% UnDM) to capture CBP-tagged V,. The column was
washed with each 100 ml of calmodulin washing buffer with and
without NaCl. Captured V, from the column was then eluted with
elution buffer (10 mM Tris-HCI, pH 8, 10 mM B-ME, 10 mM CDTA,
0.06% UnDM) in fractions of 8 ml. V, containing fractions were
concentrated using 100 kDa MWCO centrifugal concentrators
(VivaSpin) and the final concentration was measured using the
modified Pierce TCA-BCA assay (Couoh-Cardel et al, 2015).

To reconstitute V, into lipid nanodisc (V,ND), detergent-
solubilized V,, membrane scaffold protein (MSP1E3D1) and E. coli
polar lipids were mixed in disc forming buffer (20 mM Tris-HCI, pH
7.4, 0.5 mM CDTA, 100 mM NaCl, 1 mM DTT) at a molar ratio of
0.02:1:25. Reconstitution was carried out at room temperature for
1 h in presence of protease inhibitors and 1.5% UnDM with gentle
mixing followed by detergent removal with 0.4 g/ml Bio-Beads SM2
(Bio-Rad). After separation from Bio-Beads, the reconstitution
mixture was carefully supplemented with 5 mM CaCl, and passed
over a 3 ml CaM column to remove the empty nanodiscs. The
column was eluted as before and the V,ND containing fraction
applied to a 1.6 cm x 50 cm Sephadex-200 size-exclusion chro-
matography column equilibrated in disc forming buffer. V,ND
containing fractions were pooled, mixed with 20% glycerol, concen-
trated, flash-frozen in liquid nitrogen, and stored at —80°C until use.

Expression and purification of subunits Hcpim, MBP-Hchim, MBP-H,
and C

Expression and purification of subunits (Hepim, C) and subunit
fusions with maltose-binding protein (MBP) (MBP-H¢pim, MBP-Hy,)
was done as described (Oot & Wilkens, 2010; Sharma et al, 2019).
Briefly, E. coli Rosetta2 cells expressing N-terminally MBP-tagged
Hehim, -Hwt, and -C subunits were grown to an ODggg of 0.6 in RB
media (LB + 0.2% glucose) supplemented with 50 pg/ml of carbeni-
cillin and 34 pg/ml of chloramphenicol. Expression was then
induced with 0.5 mM isopropyl-p-D-1-thiogalacto-pyranoside
(IPTG) at 30°C for 5.5 h except for MBP-H,,,, which was induced at
20°C for 6 h. Cells were harvested by centrifugation at 3,500 g,
resuspended in amylose column buffer (ACB) (20 mM Tris-HCl, pH
7.4, 200 mM NaCl, 1 mM EDTA), and stored at —20°C until use.
Cells were thawed, treated with lysozyme (25 mg/l cells) and
DNase (2 mg/1 cells), and lysed by sonication. Cellular debris was
removed by centrifugation at 13,000 g for 30 min at 4°C, and the
supernatant was passed through a 20 ml amylose column pre-
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equilibrated with ACB. The column was washed with 10 CV of ACB,
and protein was eluted with 25 ml of ACB supplemented with
10 mM maltose and 1 mM DTT. For further purification, MBP-H_yjp,
and MBP-H,,, were applied to a 1.6 cm x 50 cm Superdex-200 size-
exclusion chromatography column equilibrated in ACB without salt.
For purification of Heyym and C, the MBP tag was cleaved with
Prescission protease for 2 h in presence of 5 mM DTT. For Hcpim,
the buffer was changed by dialysis overnight to 25 mM sodium
phosphate, pH 7, 5 mM B-ME, 0.5 mM EDTA. The dialyzed protein
was then passed over a carboxymethyl (CM) column to remove
MBP. Bound protein was eluted, concentrated, and applied to a
Superdex-200 size-exclusion chromatography column for further
purification. For subunit C, the buffer was changed by overnight
dialysis to 20 mM Bis-Tris, pH 6.5, 0.5 mM EDTA, and the protein
was passed over a diethylaminoethyl (DEAE) column to remove
MBP. The flowthrough containing C was dialyzed to adjust the pH
away from the isoelectric point, concentrated, and applied to a
Superdex-200 size-exclusion chromatography column attached to an
AKTA FPLC (GE Healthcare). Purified MBP-H was immediately
used, and other proteins were stored at —80°C in 20% glycerol until
use.

Purification of wild-type and mutant V,

Cell growth and V; purifications were performed as described
(Sharma et al, 2019). Briefly, yeast cells expressing N-terminally
FLAG-tagged subunit G were grown to an ODggg 0f ~3.5 in synthetic
dropout medium (SD minus leucine). Cells were harvested by
centrifugation at 4,000 g, resuspended in TBSE (20 mM Tris, pH
7.2, 150 mM NacCl, 0.5 mM EDTA) and stored at —80°C until use.
For purification, cells were broken by ~16 passes through a
microfluidizer with intermittent cooling on ice. The cell lysate was
initially centrifuged at 4,000 g for 30 min at 4°C, and the super-
natant was centrifuged again at 13,000 g for 40 min at 4°C. Cleared
cell lysate was passed through a 5 ml oFLAG column pre-
equilibrated with TBSE. The column was washed with 10 CV of
TBSE, and bound protein was eluted with 5 CV of TBSE plus
0.1 mg/ml FLAG peptide. V; containing fractions were pooled,
concentrated and applied to a Superdex-200 (1.6 cm x 50 cm) size-
exclusion chromatography column equilibrated in 20 mM Tris, pH
7.2, 0.5 mM EDTA, 1 mM DTT or TCEP. Fractions were analyzed
by SDS-PAGE, pooled, and concentrated using a 50 kDa MWCO
centrifugal concentrator. To reconstitute ViHcpim, V1AH elution frac-
tions from the oFLAG column were pooled and mixed with an esti-
mated 3-fold molar excess of Hepip. Reconstituted VHepim was then
concentrated and subjected to Superdex-200 size-exclusion chro-
matography as for V;. Fractions were analyzed by SDS-PAGE and
V1Hchim containing fractions were pooled and concentrated.

Reconstitution of ViHchimVoND

To reconstitute functional V-ATPase, the three components ViHpim,
V,ND, and subunit C were mixed in a 1:1:3 molar ratio and incu-
bated for 2—-18 h at room temperature to complete the reassembly.
Reconstituted V-ATPase was then used as is, or passed over a
1 cm x 30 cm Superose 6 Increase size-exclusion chromatography
column in disc forming buffer plus 1 mM TCEP to separate assem-
bled VHehimVoND from unassembled components.
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Mutagenesis of ¢”” glutamates

The plasmids pRS316 containing the genes for subunit ¢ (VMA3) and ¢
" (VMA16) were a generous gift from Dr. Tom Stevens, University of
Oregon. The yeast strain 5Aa in which VMA3 was replaced with URA3
was a gift from Dr. Patricia Kane, SUNY Upstate Medical University.

Parent yeast strain generation

To generate the parent strain for ¢” mutagenesis, pRS316 containing
VMA3 was digested with EcoR1 and BceAl and the resulting
~1.6 kb fragment was used for homologous recombination by trans-
formation of SF838-1D vma34:URA3 using a standard lithium
acetate protocol (Gietz & Woods, 2002). Transformants were
selected against Ura3 by their ability to grow on FOA plates and
screened for their inability to grow on SD-Ura pH 5 plates. Colonies
with successful insertion of VMA3 were verified using PCR amplifi-
cation and DNA sequencing. VMA11 and VMA16 were PCR ampli-
fied to corroborate their unaltered sequence.

Mutagenesis of c"'

A pRS316 plasmid containing VMA16 gene was subjected to site
directed mutagenesis by the QuikChange protocol (Stratagene). The
single mutant ¢c"E108G (Delete) was generated using the following
primers: vmal6_E108G: CCA CCA AGA ATT TAA TTT CCA TTA
TTT TCT GTG GAG TGG TTG CCA TTT AC, vmal6_E108G_r: CAT
TAT TTT CTG TGG AGT GGT TGC CAT TTA CGG TCT GAT TAT
TGC. The single mutant ¢"S192E (Addition) was generated using the
following primers: vmal6_S192E: GCA TTG TTT GTT AAA ATT
TTG GTC ATT GAA ATT TTC GGG GAA ATT TTA GGT TTA TTA
G, vmal6_S192E_r: CAT TGA AAT TTT CGG GGA AAT TTT AGG
TTT ATT AGG TTT GAT TGT TGG TTT ATT G. The double mutant
¢"E108G/S192E (Switch) was generated using sequential mutagene-
sis steps. Sequences were confirmed by DNA sequencing (Eurofins)
using custom primers: ORF_vmal6: CTC ACC GGA AGG CGA ATA
AAA TAC or ORF_vmal6_2: CGT TTT TAC GAG CTA GAT AAG
CGC A. Resulting mutant plasmid was digested using restriction
enzymes EcoRI and Ncol to generate a ~2 kb fragment that was gel
purified and transformed for homologous recombination in SF838-
ID (MATa, ade6, leu2-3, leu2-112, ura3-52, pep4-3, gal2; tfpl-D8),
which was deleted for VMA16 using a Ura3 cassette. Transformants
were counterselected against Ura3 by their ability to grow on FOA
plates and screened for inability to grow on SD-Ura pH 5 plates.
False positives were discarded by PCR and final colonies were DNA
sequenced using ORF_vmal6 primers. VMA3 and VMA11 were also
PCR amplified to validate their sequence.

Spot test

To test the growth phenotype of ¢” single and double mutants, cells
were grown in YPD pH 5 liquid media to an ODggo between 0.7 and
1.1 and 1 OD of cells was pelleted, washed, and resuspended to the
same density. 1:10 serial dilutions were sequentially spotted onto
restrictive media (YPD, pH 7, 60 mM CaCl,; YPD, 4 mM ZnCl,; SD-
Ura), semi-restrictive media (YPD, 60 mM CaCl, and YPD, pH 7),
and non-restrictive media (YPD, pH 5, and SD + all amino acids)
and plates were incubated at 30°C for 3 days and scanned from day
3 to day 7. The mutations were subsequently verified by performing
colony PCR and DNA sequencing in a blind experiment using colo-
nies from a one-month-old plate.
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Cloning, expression, and purification of Oxrl

The open reading frame of the OXR1 gene (YPL196W) was ampli-
fied by PCR from genomic DNA and inserted into the pET28a
expression vector using restriction-free cloning (Bond & Naus,
2012). In the primary PCR reaction, the YPL196W gene was ampli-
fied from yeast genomic DNA using a pair of hybrid primers
(Oxr1_ETF: 5-GAA GGA GAT ATA CCA TGG GTC ATC ATC ATC
ATC ATC ATC ACT TTG GAG TCA AGG ATG CTA TAT TCA AG-3’
and Oxrl_ETR: 5-GGT GCT CGA GTG CGG CCG CAA GCC TAT
CCT ACA CGC CAT ACT TCC AAA G-3’) that contain complemen-
tary sequences for both insert and vector. The amplified sequence
from the primary PCR was then used as a megaprimer in the
secondary PCR to insert the gene into pET28a. Insertion of
YPL196W was confirmed by restriction digest and DNA sequencing
(Eurofins). The inserted sequence is in-frame with an N-terminal
7xHis-tag. For expression of Oxrl, E. coli BL21DE3 cells were grown
to ODggo of 0.6-0.8 in RB medium in presence of 50 pg/ml kana-
mycin. Expression was induced with 0.5 mM IPTG for 16 h at 20°C.
Cells were harvested by centrifugation at 3,500 g, resuspended in
Buffer A (20 mM Tris, 250 mM NaCl, 10 mM Imidazole, 2 mM DTT,
pH 8), and stored at —20°C until use. Cells were thawed, supple-
mented with 1 mM PMSF and 2 mM DTT, treated with lysozyme
(25 mg/1 cells) and DNase (2 mg/l cells), and lysed by sonication.
Cellular debris was removed by centrifugation at 13,000 g for 30 min
at 4°C, and the supernatant was passed through a 10 ml Ni-NTA
column pre-equilibrated with Buffer A. The column was washed with
5 CV of Buffer A, and protein was eluted using a 0-60% gradient of
Buffer B (20 mM Tris, 250 mM NaCl, 500 mM Imidazole, 2 mM
DTT, pH 8). Fractions containing Oxrl were pooled, concentrated,
and applied to a 1.6 cm x 50 cm Superdex-75 size-exclusion chro-
matography column in 20 mM Tris, 100 mM NaCl, 1.5 mM DTT, pH
7. Fractions were analyzed by SDS-PAGE and Oxrl containing frac-
tions were pooled and concentrated. Purified Oxrl was either used
immediately, or stored in 20% glycerol at —80°C.

Isolation and purification of yeast vacuoles

Vacuoles were isolated by flotation on Ficoll gradients as described
(Sharma & Wilkens, 2017). Briefly, yeast grown to an ODggg of ~1 was
converted to spheroplasts with zymolyase 100T, lysed in a Dounce
homogenizer in presence of 12% Ficoll 400. After ultracentrifugation
(71,000 g, 4°C, 40 min), vacuoles were recovered from the top of the
gradients, overlaid with 8% Ficoll 400, and centrifuged a second time.
Vacuoles were recovered and stored at —80°C until use.

Western blot analysis

SDS-PAGE gels of column fractions were transferred to a low fluo-
rescence polyvinylidene fluoride (LF PVDF) membrane. The
membrane was blocked with 5% milk in TBST (20 mM Tris, pH
7.5, 150 mM NaCl, 0.05% Tween-20) for 1 h at room temperature
with gentle shaking. Primary antibody was then added and incu-
bated overnight at 4°C. To study Oxrl binding to wild-type V;
subcomplex, mouse monoclonal IgG Penta-His antibody (Qiagen
catalog no. 34660) was used at 1:5,000 dilution. To analyze the
dissociation of V;-subcomplex from V,, the blot was probed for
presence of V; subunit A (Vmal) and V, subunit a (Vphl) using
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mouse monoclonal antibodies 8B1-F3 and 10D7 (Molecular Probes),
respectively. Blots were washed three times with TBST for a total of
30-45 min. After washing, goat anti-mouse IgG Alexa Fluor Plus
488 secondary antibody (Invitrogen, catalog no. A32723) was added
at 1:2,000 dilution and incubated for 1-1.5 h at room temperature
in the dark. After washing three more times with TBST, the blot was
dried and fluorescence images were captured on a Sapphire
Biomolecular Imager (Azure Biosystems, Inc.).

ATPase assays

ATPase assays were carried out as described (Oot et al, 2016).
Briefly, 1 ml of the assay containing 50 mM HEPES, pH 7.5, 25 mM
KCl, 0.5 mM NADH, 2 mM phosphoenolpyruvate, 5 mM ATP, 30
units each of lactate dehydrogenase and pyruvate kinase was
preheated to 37°C and supplemented with 4 mM MgCl,. The assay
was started by adding 10 pg V-ATPase or V; subcomplexes or
vacuoles and the change in absorbance at 340 nm was monitored
using a temperature-controlled cuvette holder in a Varian CARY 100
Bio UV-Visible Spectrometer in kinetics mode. Enough time was
provided after adding the protein to establish a linear rate of ATP
hydrolysis. In case of measuring the activity of holoenzyme,
200 nM of the V-ATPase specific inhibitor Concanamycin A was
added into the assay.

Biolayer interferometry (BLI)

All BLI experiments were carried out in the Octet RED384 system as
previously described (Sharma et al, 2019) with the exception that
1 mM B-ME was included in all buffers and samples. All wells of the
BLI plate contained 200 ul of buffer or specific protein(s) diluted
into the same buffer. 0.5 mg/ml BSA was included in all samples to
reduce non-specific binding of assay components to the sensors. To
study the effect of Oxrl on V-ATPase assembly, streptavidin biosen-
sors (ForteBio, SA biosensors catalog no. 18-5019) were pre-
equilibrated in a buffer for 10 min before loading with V,ND (3 pg/
ml). The biosensors were then dipped into wells containing V,Hepim
and subunit C in presence and absence of Oxrl and then into wells
containing buffer. A control for non-specific binding of V Hcnim and
subunit C to empty biosensors was included. To assess the effect of
Oxrl on the dissociation of V,AH from wild-type H or Hepjm, MBP-
tagged Hy: or Hepim (5 ng/ml) were loaded onto Anti-Mouse 1gG Fc
Capture biosensors (ForteBio, AMC biosensors catalog no. 18-5088)
that were initially dipped into wells with 1 pg/ml anti-MBP mono-
clonal antibodies (New England BioLabs, catalog no. E8032S). MBP-
Hyt or -Henim loaded biosensors were then dipped into wells
containing V;AH (association step) followed by wells containing
buffer, Oxrl, or Oxrl plus subunit C (dissociation step). An appro-
priate control was included to monitor the slow dissociation of
MBP-Hy or -Hepim from the biosensors. Experiments were carried
out at 23°C, with a stir speed of 1,000 rpm and a standard measure-
ment rate of 5 s~'. The data were processed and analyzed by the
Octet Data Analysis v10.0 software.

Mass spectrometry analysis of ViHpim

In-solution digestion of 40 pg ViHcnim, with trypsin was carried out
using filter-assisted sample preparation (FASP; Wisniewski et al,
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2009) and peptides desalted using mixed-mode cation exchange
(MCX) stage tips (Rappsilber et al, 2003). For LC-MS/MS, samples
were dissolved in water containing 2% acetonitrile (ACN) and 0.5%
formic acid. Samples (0.5 pg) were injected onto a nano-LC (C18)
column connected inline to an Orbitrap Lumos mass spectrometer
via a nanoelectrospray source operating at 2.2 kV. The MS data was
searched using SequestHT in Proteome Discoverer (version 2.4,
Thermo Scientific) against the yeast proteome in Uniprot.

Negative stain EM analysis

For analysis of the assembly state of the holoenzyme using TEM,
S ul of ViHehimVoND and ViHepimVoND + Oxrl at ~20 pg/ml were
applied to glow discharged carbon-coated copper grids for 1 min,
washed with water for 10 s, and then stained with 1% (w/v) uranyl
acetate for another minute. Grids were visualized using a JEOL
JEM-1400 transmission electron microscope operating at 80 keV
and images were captured at a magnification of 200,000x using a
Gatan Orius SC1000 CCD camera. Assembled and disassembled
particles from equal numbers of micrographs from both groups were
counted manually for comparative analysis.

Cryo-EM grid preparation and data collection

V1HehimVoND was vitrified at 0.5-1 mg/ml on UltrAuFoil 2/2 grids
(Quantifoil) at 4°C in a cold room using an in-house built cryo-
plunger. 4,684 Movies were recorded on a FEI Titan Krios 300 keV
G3i at Stanford SLAC, equipped with a Gatan K2 Summit detector
mounted behind a Bioquantum 20 eV slit energy filter. Images were
collected automatically using EPU (Thermo Fisher) with dose frac-
tionated into 25 movie frames at defocus ranges of 0.5-3 um. The
electron exposure per frame was ~2.0 e/A?, and the pixel size at the
specimen level was 1.08 A.

Data processing and 3D refinement

Image processing was started in RELION-3 (Zivanov et al, 2018)
(Fig EV1). Movies were aligned in 5 x 5 patches in MotionCor2
(Zheng et al, 2017), and CTF parameters were estimated with GCTF
(Zhang, 2016). Utilizing template-based autopicking, 571,609 parti-
cles were initially picked. Holoenzymes in three rotational states
with 165,044 particles were selected after several rounds of 2D and/
or 3D classification using RELION. Each particle stack in three rota-
tional states (state 1: 85,109, state 2: 42,206, state 3: 15,741) was
then imported to cryoSPARC (Punjani et al, 2017). Global non-
uniform refinement resulted in maps at 4.2, 4.8, and 6.6 A resolu-
tion for states 1-3, respectively. Local refinement focused on V; and
V, improved map features and resolution up to ~3.5 A. While
processing the holoenzyme structures, we noticed that a significant
number of particles (52,594) resembled V;-shaped molecules with-
out V, sectors. We then initiated another round of image processing
starting from micrographs using cryoSPARC and performed
template-based particle picking with the V; map from RELION as a
template. We manually removed clear views of holoenzyme from
2D class averages and then 178,379 particles were selected and
subjected to 3D classification. Due to the presence of structural
heterogeneity in the V; particles, we used non-uniform refinement
protocols to obtain the final 3.8 A resolution map of V;(C)Oxrl.

© 2021 The Authors
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Model building

Building of the model of state 1 V H¢pimVoND started from the model
of the A;B;DFH subcomplex of the cryoEM structure of state 1 V,V,
(PDB 3J9T) (Zhao et al, 2015), the cryoEM structure of V, (PDB
6C6L) (Roh et al, 2018), and the crystal structures of the EG hetero-
dimer (PDB 4DLO, 4EFA) (Oot et al, 2012) and subunit C (PDB 1U7L)
(Drory et al, 2004). Atomic models were placed into the cryoEM
density using rigid body fitting in Chimera (Pettersen et al, 2004)
followed by manual model building in Coot (Emsley et al, 2010) and
real-space refinement in Phenix (Adams et al, 2010). Progress in
refinement was monitored using validation tools as implemented in
Coot, Phenix, and the Molprobity server (Williams et al, 2018). For
placing yeast Oxrl, a homology model was generated in Phyre2 using
the TLDc domain of zebrafish Oxr2 (PDB 4ACJ) (Blaise et al, 2012)
as template. The interface between Oxrl and V-ATPase subunits was
analyzed using the PDBePISA server (Krissinel & Henrick, 2007).
CryoEM data collection and 3-D refinement parameters as well as
model statistics are given in Appendix Table S1.

Data availability

All data needed to evaluate the conclusions in the paper are present
in the paper and/or the Supplementary Materials. Additional data are
available from the authors upon request. The cryoEM maps of the
three states of V{HgpimVoND and V,(C)Oxr1 are deposited in the Elec-
tron Microscopy Data Bank under accession numbers EMD-31538
(http://www.ebi.ac.uk/pdbe/entry/EMD-31538), EMD-31539 (http://
www.ebi.ac.uk/pdbe/entry/EMD-31539), EMD-31540 (http://www.
ebi.ac.uk/pdbe/entry/EMD-31540), and EMD-31541 (http://www.
ebi.ac.uk/pdbe/entry/EMD-31541), respectively. The associated coor-
dinate models are deposited in the Protein Data Bank with accession
numbers  7FDA  (http://www.rcsb.org/pdb/explore/explore.do?
structureld = 7FDA), 7FDB (http://www.rcsb.org/pdb/explore/
explore.do?structureld = 7FDB), 7FDC (http://www.rcsb.org/pdb/
explore/explore.do?structureld = 7FDC), and 7FDE (http://www.rcsb.
org/pdb/explore/explore.do?structureld = 7FDE), respectively.

Expanded View for this article is available online.
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