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Significance

V-ATPases are powerful proton 
pumps required for acidification 
of numerous intracellular 
compartments. The enzyme 
comprises a catalytic V1 region 
that hydrolyzes ATP and a 
membrane-embedded VO region 
that translocates protons. The VO 
complex is assembled in the 
endoplasmic reticulum (ER) 
before it is transported to the 
Golgi where V1 binds. Formation 
of intact V-ATPase activates 
proton pumping through a rotary 
catalytic mechanism. We used 
high-resolution cryoEM to show 
how the proteins Vma12p, 
Vma21p, and Vma22p work 
together for both V-ATPase 
assembly and quality control. The 
resulting structures show how a 
sequence of coordinated 
interactions and conformational 
changes ensures that only 
properly assembled VO leaves the 
ER and proton pumping into the 
neutral ER is avoided.
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Vacuolar-type adenosine triphosphatases (V-ATPases) are rotary proton pumps that 
acidify specific intracellular compartments in almost all eukaryotic cells. These mul-
ti-subunit enzymes consist of a soluble catalytic V1 region and a membrane-embed-
ded proton-translocating VO region. VO is assembled in the endoplasmic reticulum 
(ER) membrane, and V1 is assembled in the cytosol. However, V1 binds VO only after 
VO is transported to the Golgi membrane, thereby preventing acidification of the ER. 
We isolated VO complexes and subcomplexes from Saccharomyces cerevisiae bound to 
V-ATPase assembly factors Vma12p, Vma21p, and Vma22p. Electron cryomicroscopy 
shows how the Vma12-22p complex recruits subunits a, e, and f to the rotor ring of VO 
while blocking premature binding of V1. Vma21p, which contains an ER-retrieval motif, 
binds the VO:Vma12-22p complex, “mature” VO, and a complex that appears to contain 
a ring of loosely packed rotor subunits and the proteins YAR027W and YAR028W. 
The structures suggest that Vma21p binds assembly intermediates that contain a rotor 
ring and that activation of proton pumping following assembly of V1 with VO removes 
Vma21p, allowing V-ATPase to remain in the Golgi. Together, these structures show 
how Vma12-22p and Vma21p function in V-ATPase assembly and quality control, 
ensuring the enzyme acidifies only its intended cellular targets.

V-ATPase | assembly | structure | Vma12p, Vma22p, Vma21p | cryoEM

Vacuolar-type adenosine triphosphatases (V-ATPases) are membrane-embedded enzyme 
complexes that couple ATP hydrolysis to proton translocation across a membrane (1). 
V-ATPases are ubiquitous in eukaryotic cells where they acidify intracellular compartments 
such as vacuoles, lysosomes, endosomes, and the trans-Golgi network (2, 3). V-ATPases 
in the plasma membrane of specialized cells, including osteoclasts (4), kidney intercalated 
cells (5), and some cancer cells (6), acidify the extracellular environment. Due to their 
numerous roles, V-ATPase malfunction can lead to various diseases such as osteopetrosis 
(7, 8), distal renal tubular acidosis (9), and neurodegenerative disorders (10, 11).

V-ATPases consist of a soluble V1 region that hydrolyzes ATP and a membrane-
embedded VO region that translocates protons (1, 3). Within V1, a hexamer of subunits 
A and B catalyzes ATP hydrolysis, causing conformational changes that drive rotation of 
a central rotor (subunits D, F, and d) that is attached to a membrane-embedded c ring 
(subunits c8, c′, c″, and Voa1p) within the VO region (12–14). Rotation of the c ring 
against the membrane-embedded C-terminal domain of subunit a drives proton translo-
cation. The membrane-embedded subunits e and f, which have unknown functions, bind 
the C-terminal domain of subunit a. During rotation of the c ring, protons enter a cytosolic 
half channel between subunit a and the c ring, protonating conserved glutamate residues 
on each of the c, c′, and c″ subunits. Continued rotation of the ring carries protons through 
the lipid bilayer to a luminal half channel in subunit a where they exit the complex on 
the other side of the membrane (12). Three pairs of E and G subunits form peripheral 
stalk structures that interact with the soluble subunits C and H, as well as the cytosolic 
N-terminal domain of subunit a, holding subunit a stationary relative to the rotating c 
ring. As a result of its rotary catalytic mechanism, electron cryomicroscopy (cryoEM) of 
intact V-ATPase shows the enzyme in three main conformations, known as rotational 
“State 1,” “State 2,” and “State 3” (14, 15).

The V1 and VO regions of V-ATPase can undergo reversible dissociation and reassembly 
to regulate enzyme activity in response to changes in cellular conditions (16, 17). Glucose 
depletion in the growth medium of the yeast Saccharomyces cerevisiae causes V1 and VO to 
separate, with the V1 and VO complexes adopting inhibited conformations and subsequent 
dissociation of subunit C from the V1 complex (18, 19). On restoration of glucose to the 
growth medium, the enzyme complex known as RAVE (regulator of the ATPase of vacuoles 
and endosomes) mediates V-ATPase reassembly, likely by bringing V1 and VO into close 
proximity and inducing conformational changes needed for their interaction (20–22). 
When separated from the V1 region, the VO complex adopts rotational State 3 (12), with 
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the isolated intact V1 complex adopting rotational State 2 but sam-
pling all three rotational states after separation of subunit C (19).

The initial assembly of the VO complex in the endoplasmic 
reticulum (ER) membrane of yeast requires the assembly factors 
Vma12p, Vma21p, and Vma22p (23–25). These proteins, which 
are homologous with mammalian TMEM199, VMA21, and 
CCDC115, respectively, are necessary for V-ATPase activity in 
cells but are not found in the mature enzyme. The mammalian 
proteins are required for functional lysosomes (26, 27), with their 
deficiency associated with X-linked myopathy with excessive auto-
phagy (27), follicular lymphoma (28), and congenital disorders 
of glycosylation (29–32). Vma21p is an integral membrane pro-
tein that participates in VO assembly but also accompanies fully 
assembled VO out of the ER (24, 33). Following assembly of V1 
with VO, a C-terminal ER-retrieval motif on Vma21p allows it to 
be transported back to the ER to participate in additional rounds 
of VO assembly (24, 33). Vma12p, which contains a transmem-
brane region, forms a complex with the soluble protein Vma22p 
(the Vma12-22p complex) that stabilizes subunit a and mediates 
its assembly with the c ring (23, 25, 34).

To understand the structural basis by which Vma21p and the 
Vma12-22p complex facilitate VO assembly, we used cryoEM to 
determine structures of yeast VO assembly intermediates bound 
to both species. The structures show that the Vma12-22p com-
plex binds both a partially assembled VO complex that lacks 
subunits a, e, and f, as well as fully assembled VO with its c ring 
in a different rotational state than found in mature VO. In con-
trast, Vma21p binds complexes that include mature VO, the 
assembly intermediate that contains Vma12-22p, and a small 
population of particles that appear to consist of loosely packed 
c rings bound to the uncharacterized proteins YAR027W and 
YAR028W. Together, these structures suggest how Vma12-22p 
and Vma21p carry out their functions and the sequence of events 
in VO assembly.

Results

Vma12-22p Forms Complexes with VO and VO Lacking Subunits a, 
e, and f. To understand how the Vma12-22p complex facilitates 
VO assembly, we integrated DNA encoding a 3×FLAG tag into 
the yeast chromosome 3′ of the gene for Vma12p. Following yeast 
growth, cell membranes were isolated, solubilized with detergent, 
and protein was purified by anti-FLAG affinity chromatography. 
The resulting protein preparation was subjected to structural 
analysis by cryoEM (SI Appendix, Fig. S1A). This preparation gave 
rise to two distinct 3D structures. The first structure resembles 
the VO complex but with additional proteins bound and has a 
nominal overall resolution of 2.6 Å, with local resolutions ranging 
from 2.3 to 4.8 Å EMD-27984 (Fig. 1A and SI Appendix, Fig. 
S1B blue curve, SI Appendix, Fig. S1 C and D). The map enabled 
construction of an atomic model PDB 8EAS (Fig.  1B  and   
SI Appendix, Table S1 and Fig. S2A), which included all the known 
yeast VO subunits and subunit F from the V1 region. The map also 
allowed fitting and refinement of models of Vma12p and Vma22p 
from AlphaFold (35) (Fig. 1 A and B, yellow and blue densities and 
models). Consequently, this complex is designated the VO:Vma12-
22p complex. In this structure, the folds predicted for domains 
in Vma12p and Vma22p fit the map with high fidelity, while 
two extended sequences within Vma12p were predicted poorly. 
Side chain orientations for both proteins also required substantial 
refinement. The second structure, which was obtained from ~27% 
of the particle images, appears as a partial VO complex lacking 
subunits a, e, and f but with Vma12-22p bound EMD-27985 
(Fig. 1C). This map was refined to 3.1 Å resolution, with local 

resolutions ranging from 2.6 to 6.1 Å (SI Appendix, Fig. S1B, 
green curve, SI Appendix, Fig. S1 E and F). The map enabled 
construction of an atomic model consisting of the c ring (subunits 
c8, c′, c″, and Voa1p), subunit d, the Vma12-22p complex, and 
subunit F PDB 8EAT (Fig. 1D and SI Appendix, Table S1 and 
Fig. S2B). Based on its subunit composition, we designate this 
assembly the VO∆aef:Vma12-22p complex.

Interaction between Vma12-22p complex and subunit a is 
known to be transient (34). However, we were still concerned that 
the presence of VO∆aef:Vma12-22p in the dataset could be due 
to dissociation of subunits a, e, and f from VO:Vma12-22p during 
cryoEM specimen preparation, rather than representing a species 
that exists in the ER membrane. A structure of VO∆aef has not 
been described in previous cryoEM analysis of VO complexes (12, 
13, 36, 37), but it was not clear whether these broken complexes 
were removed during image analysis in those studies. Therefore, 
we reprocessed a published dataset of cryoEM images of VO com-
plex (36) that had been purified and frozen in conditions equiv-
alent to those used for the Vma12p-3×FLAG preparation. The 
results showed only intact VO (SI Appendix, Fig. S3A), indicating 
that subunits a, e, and f are unlikely to separate from VO during 
grid freezing, and suggesting that the VO∆aef:Vma12-22p com-
plex is present in the cell and is not an artifact of cryoEM specimen 
preparation. However, we cannot exclude the possibility that the 
interaction between subunit a and the c ring in VO:Vma12-22p 
is less stable than it is the mature VO complex, possibly owing to 
Vma12-22p destabilizing the complex and causing subunits a, e, 
and f to dissociate at the air-water interface during grid freezing. 
While this interpretation is possible, previous work has suggested 
that Vma12p and Vma22p stabilize the interaction of subunit a 
with the c ring rather than destabilize it (34).

Vma22p Mimics Subunit D from V1 and blocks V1 Binding. In both 
the VO:Vma12-22p and VO∆aef:Vma12-22p complexes, Vma22p 
sits on top of subunit d in a site that is occupied by subunit D 
from the V1 region in intact V-ATPase (14, 38) (Fig. 1E, Left). 
Vma22p consists primarily of a twisted pair of α helices abutted 
by two antiparallel β strands (Fig. 1E, Right, light blue). This fold 
resembles the fold of subunit D (Fig. 1E, Right, dark blue), which 
shares 18% amino acid sequence similarity and 10% amino acid 
sequence identity with Vma22p (SI Appendix, Fig. S3B). The α 
helical structure in Vma22p is less than half the length of the 
corresponding α helical region in subunit D, making Vma22p too 
short to serve the same role as subunit D in the V1 complex. Thus, 
the structure of Vma22p suggests that it would block V1 from 
binding subunit d, which would prevent premature attachment 
of V1 to partially assembled VO complexes in the ER membrane. 
Blocking V1 from binding VO would prevent proton pumping 
into the ER lumen, which is maintained at near neutral pH  
(39, 40). Compared to subunit D, Vma22p possesses an additional 
disordered loop of unknown function comprising 35 residues 
C-terminal to its two β strands (Fig. 1E, Right, circled in red).

Surprisingly, V-ATPase subunit F is found interacting with 
Vma12-22p (Fig. 1 A–D, light pink). Subunit F is a small protein 
that normally binds subunit D in both intact V-ATPase and the 
dissociated V1 complex, but is not part of the dissociated VO 
complex. The role of subunit F when bound to subunit D is not 
known. However, both the VO:Vma12-22p and VO∆aef:Vma12-
22p structures show the N-terminal domain of subunit F in con-
tact with Vma22p, while its C-terminal α helix interacts with both 
Vma12p and Vma22p (SI Appendix, Fig. S3C). This interaction 
with both Vma12p and Vma22p suggests that subunit F may help 
mediate association of the two proteins. Deletion of the gene for 
subunit F leads to reduced levels of VO subunits a and c in yeast, 
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with normal levels of subunit d but reduced association of subunit d 
with the vacuolar membrane (41). This phenotype is consistent 
with the association between subunit F and Vma12-22p being 
necessary for function of the assembly factors.

Vma12p Helps Attach Subunit a to the c Ring. Vma12p 
possesses a compact folded N-terminal domain comprising three 
α helices and two β strands (Fig. 1 A–D, yellow). In both the 
VO:Vma12-22p complex and the VO∆aef:Vma12-22p complex, 
this N-terminal domain interacts with subunit F and Vma22p. 
Following the N-terminal domain of Vma12p in the VO:Vma12-
22p structure, there is an extended linker and an α helix that 
contacts both a loop (residues 48 to 53) from subunit a and two 
short α helices (residues 27 to 35 and 39 to 48) from subunit d 
(Fig. 1B, red circle, SI Appendix, Fig. S3D). This α helix from 
Vma12p is followed by a second extended linker and a membrane-
embedded α helix that is tilted relative to the plane of the lipid 
bilayer (Fig. 1A, red arrow). Vma12p is predicted to have two 
C-terminal transmembrane α helices, with its C terminus on 
the cytosolic side of the membrane (25, 42). However, apparent 
flexibility in this region of the protein prevents the second 
transmembrane α helix from being resolved in the cryoEM map. 
Neither of the two transmembrane α helices from Vma12p could 
be resolved in the VO∆aef:Vma12-22p map (Fig. 1C). To ensure 
that flexibility in the C-terminal transmembrane α helices from 
Vma12p is not due to the C-terminal 3×FLAG tag introduced in 

the protein, we constructed a second yeast strain with the affinity 
tag at the C terminus of Vma22p instead. CryoEM of protein 
purified from this second strain resulted in maps of VO:Vma12-
22p and VO∆aef:Vma12-22p that are indistinguishable from 
the maps obtained from the Vma12p-3×FLAG preparation  
(SI Appendix, Fig. S3 E and F). This finding indicates that flexibility 
in the C-terminal transmembrane α helices of Vma12p is not due 
to the incorporation of the affinity tag. The equivalence of the two 
structures obtained from the Vma12p-3×FLAG and Vma22p-
3×FLAG preparations also shows that Vma12p and Vma22p 
form an obligate heterodimer. It appears that interaction between 
Vma12p and the N-terminal domain of subunit a reduces mobility 
in one of the transmembrane α helices from Vma12p, allowing it 
to be resolved in the cryoEM map. This transmembrane α helix 
from Vma12p does not interact directly with the transmembrane 
C-terminal domain of subunit a or the c ring. Therefore, other 
than anchoring Vma12-22p to the membrane, the role of the 
tilted transmembrane domain in Vma12p is unclear. In contrast, 
the interaction between subunit a, subunit d, and the short α 
helix N-terminal of the transmembrane domain in Vma12p is 
consistent with Vma12-22p’s proposed role of stabilizing subunit 
a and recruiting it to VO (34).

The c Ring Rotation Differs between VO:Vma12-22p and the 
Mature VO Complex. The c ring has an asymmetric distribution 
of proton-carrying Glu residues, with the protonatable Glu residue 
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Fig. 1. Structure of the VO:Vma12-22p complex. (A) CryoEM map of the VO:Vma12-22p complex. (Scale bar, 25 Å.) (B) Atomic model for the VO:Vma12-22p 
complex. (C) CryoEM map of the VO∆aef:Vma12-22p complex. (D) Atomic model for the VO∆aef:Vma12-22p complex. (E) Structural comparison of Vma22p and 
subunit D from the V1 region of intact V-ATPase. (F) Comparison of cross-sections through the VO:Vma12-22p complex and the mature VO complex (PDB: 6O7T) 
shows a difference in rotation of the c ring.
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of subunit c″ found on the second ring-forming α helix, while 
the protonatable Glu residues of the eight c subunits and one c′ 
subunit are located on their fourth ring-forming α helices (12) 
(Fig. 1F, Right). Previous structures of yeast VO found the complex 
in rotational State 3 with Glu108 from subunit c″ aligned with the 
cytosolic half channel (12, 13, 36, 37), while Glu137 from subunit 
c(1) is aligned with the luminal half channel (Fig.  1F, Lower). 
Compared to these structures of mature VO, the VO:Vma12-22p 
complex shows an ~18° rotation of the c ring in the ATP-hydrolysis 
direction (Fig.  1F, Upper). As a result, in the VO:Vma12-22p 
complex, Glu137 from subunit c(1) is aligned with the cytosolic 
half channel and Glu137 from subunit c(2) is far from the luminal 
half channel (Fig. 1F, Upper Right). A previous study of yeast VO 
complexes by cryoEM detected a similar ~14° rotation of the ring 
in a 3D class from ~5% of particle images (43). Both the small 
population of particle images in the class and molecular dynamic 
simulations indicated that this conformation is less energetically 
favorable than VO in rotational State 3 (43). Comparison of the 
VO:Vma12-22p and mature VO structures shows that even with 
the ~18° rotation of the c ring relative to the C-terminal domain 
of subunit a, the interface between subunit d and N-terminal 
domain of subunit a remains unchanged (SI Appendix, Fig. S3 G, i,  
as shown previously (43). Further, rotation of the c ring from 
its VO:Vma12-22p conformation to the mature VO conformation 
would cause a clash between Vma12p and subunit a that would 
prevent Vma12-22p from binding to VO (SI Appendix, Fig. S3 G, ii, 
orange circle). Therefore, the structure suggests that after Vma12p 
recruits subunits a, e, and f to the c ring with subunit d, relaxation 
of the c ring into its energetically favored conformation disrupts 
the interaction between Vma12-22p and VO, releasing Vma12-
22p and resulting in the mature VO structure. However, this release 
of Vma12-22p from VO must occur either slowly or with other 
proteins involved, or else it would not be possible to isolate the 
VO:Vma12-22p complex biochemically. The rate of Vma12-22p 
release may also be slower in detergent micelles compared to the 
lipid bilayer of the ER membrane.

Vma21p Binds the VO Complex in Multiple Positions around the c 
Ring. To understand how the activity of Vma21p relates to the VO 
assembly process, we next investigated VO complexes that contain 
Vma21p. As with Vma12-22p, we constructed a yeast strain with 
DNA for a 3×FLAG tag integrated in the chromosome 3′ of 
the VMA21 gene. When grown on medium containing zinc, the 
Vma21p-3×FLAG strain exhibited growth comparable to wild-
type yeast, while a ∆Vma21p strain showed the expected VMA− 
V-ATPase deficiency phenotype (SI Appendix, Fig. S4), indicating 

that despite Vma21p’s C-terminal Lys-Lys-Glu-Asp ER-retrieval 
motif (24) the C-terminal 3×FLAG tag does not prevent assembly 
of functional V-ATPase complexes.

CryoEM of protein purified from the Vma21p-3×FLAG strain 
led to a 3D map resembling the mature VO complex in rotational 
State 3 that we designate the VO:Vma21p complex EMD-27986 
(Fig. 2A and SI Appendix, Fig. S5). The nominal overall resolution 
of the map is 3.1 Å with local resolutions ranging from 2.2 to 7.5 
Å (SI Appendix, Fig. S5B, orange curve, SI Appendix, Fig. S5C). 
The map enabled construction of an atomic model through a 
combination of rigid body fitting and refinement of a published 
VO model (36) and a model for Vma21p predicted by AlphaFold 
(35) PDB 8EAU (Fig. 2B and SI Appendix, Table S1 and Fig. S6). 
Again, AlphaFold predicted the overall fold of Vma21p accurately, 
but the orientation of the protein’s α helices and side chains 
required refinement. Clearly defined density accommodated a 
single copy of Vma21p (Fig. 2 A and B, purple). No conforma-
tional differences could be detected between the VO part of 
VO:Vma21p and a mature VO structure (SI Appendix, Fig. S7A). 
In the structure, Vma21p forms a transmembrane α helical hairpin 
wedged between two adjacent c subunits near the luminal half 
channel of subunit a. The N-terminal α helix from Vma21p inter-
acts with the second α helix of subunit c(2) and the fourth α helix 
of subunit c(3), while the C-terminal α helix from Vma21p con-
tacts the second and fourth α helices of subunit c(2) (SI Appendix, 
Fig. S7B).

The well-defined single Vma21p binding site in VO:Vma21p 
involves only two of the eight c subunits and does not appear to 
be unique within the c ring. To understand Vma21p’s apparent 
preference for a single binding site, cross-sections through the 
VO:Vma21p map were inspected and compared to cross-sections 
through a map of mature VO complex (Fig. 2C). The two α helices 
from the well-resolved Vma21p are clear in the cross-section 
(Fig. 2 C, i, purple arrow). However, features corresponding to 
additional similar but lower density α helices can be seen sur-
rounding the c ring (Fig. 2 C, i, magenta arrows). These additional 
densities, which are not seen in a map of the mature VO complex 
determined by equivalent methods (36) (Fig. 2 C, ii) suggest that 
multiple copies of Vma21p bind around the c ring but with a low 
binding occupancy in all but one site. In its preferred site, Vma21p 
does not interact with the nearby subunit a, and it is not clear why 
this site has a high occupancy while the others sites have a low 
occupancy. It is worth noting that in the VO:Vma12-22p complex 
this Vma21p would be in contact with subunit a. However, the 
VO:Vma12-22p map does not show density for Vma21p at this 
position. Cross-sections through the map also show density for 
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the Vma21p-3×FLAG dataset gave a map of VO:Vma12-22p complex, shown here with the atomic model of VO:Vma12-22p from the Vma12p-3×FLAG dataset fitted.
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the C-terminal transmembrane α helix from Voa1p (Fig. 2 C, i, 
orange circle), which co-precipitates with Vma21p (44) and can 
be seen in maps of VO∆aef:Vma12-22p and VO:Vma12-22p 
(Fig. 1F, orange), as well as mature VO complex (Fig. 2 C, ii, 
orange circle) (12, 13, 36).

The VO:Vma21p structure appears to show the assembled 
mature VO complex that is escorted from the ER by Vma21p. A 
Vma21p mutant with a defective ER-retrieval motif was previously 
found to interact with intact V-ATPase (33), and V1 subunits were 
detected in mass spectrometry of the Vma21p-3×FLAG protein 
preparation (Dataset S1). However, we did not identify particle 
images from the Vma21p-3×FLAG dataset that show intact 
V-ATPase, suggesting any interaction between Vma21p and intact 
V-ATPase is unstable or transient.

Vma21p Binds a VO:Vma12-22p Complex and a Complex Containing 
YAR027W and YAR028W. 3D classification of the cryoEM dataset 
from Vma21p-3×FLAG tagged protein identified two additional 
populations of particle images. The first allowed calculation of a 
3D map at 4.4 Å resolution that was indistinguishable from the 
VO:Vma12-22p complex EMD-27988 (Fig. 2D and SI Appendix, 
Fig. S5B, green curve, SI Appendix, Fig. S5 E and F). Density for 
Vma21p could not be detected in this map, suggesting that again 
Vma21p interacts with the c ring, but with variable positions that 
leads to incoherent averaging in 3D reconstruction. The VO:Vma12-
22p map from the Vma21p-3×FLAG sample was calculated from 
17,884 particle images, compared to 127,922 particle images for 
the VO:Vma21p map from the same sample. Therefore, Vma21p 
appears to bind a small population of VO complex before release of 
Vma12-22p, while most of the VO complexes it binds have already 
released Vma12-22p.

The second unique class of particle images isolated with 
3×FLAG tagged Vma21p allowed calculation of a 3D map that 

resembles a c ring with additional protein densities attached 
EMD-27987 (Fig. 3A). Only 19,849 out of 607,746 particle 
images from the dataset contribute to this structure, leading to a 
poor overall resolution of 5.7 Å, with local resolutions between 4.6 
and 9.2 Å (SI Appendix, Fig. S5B, pink curve, SI Appendix, Fig. S5 
G and H). To identify the additional protein density seen in this 
map, we inspected the list of proteins identified in the preparation 
by mass spectrometry of tryptic fragments (Dataset S1) and 
attempted to fit models of candidate proteins predicted by 
AlphaFold into the map. This process identified two candidate 
proteins, YAR027W and YAR028W. The amino acid sequences 
for these two putative integral membrane proteins are 58% iden-
tical and 73% similar (SI Appendix, Fig. S8A), with AlphaFold 
predicting nearly indistinguishable folds for the two proteins 
(Fig. 3B). Due to the low resolution of the cryoEM map and the 
similarity in the predicted folds of YAR027W and YAR028W, the 
two proteins could not be distinguished in the map (Fig. 3C)  
PDB 8EAV. A view of the map perpendicular to the plane of the 
detergent micelle shows nine copies of YAR027W or YAR028W 
surrounding a ring that appears to consist of nine loosely packed 
c subunits (Fig. 3D, dashed circles). Therefore, we designated this 
assembly the YAR027W/028W:c9 complex. Due to the limited 
resolution of the map, the c, c′, and c″ subunits could not be 
distinguished in the ring. Examination of the fold and surface 
properties of YAR027W and YAR028W suggests that they each 
form two N-terminal transmembrane α helices that are buried in 
the detergent micelle, with a C-terminal soluble domain likely on 
the cytosolic side of the ring (Fig. 3E, blue and yellow surfaces).

The YAR027W and YAR028W genes are members of the  
S. cerevisiae DUP240 multigene family, which contains non-essen-
tial membrane-associated proteins (45, 46). The two proteins have 
been shown in high-throughput studies to interact with each other, 
as well as multiple other proteins, and YAR028W has been shown 
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Fig. 3. Structure of YAR027W and YAR028W binding to a loosely packed c ring. (A) A subset of the particle images from the Vma21p-3×FLAG dataset produced a 
map that resembles a c ring with additional protein densities attached. (Scale bar, 25 Å.) (B) Comparison of the AlphaFold predicted structures of YAR027W and 
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to interact with V-ATPase subunit c″ (47, 48). YAR027W, also 
known as UIP3, was reported to localize to the nuclear envelope 
(46). A recent study showed that yeast cells that were resistant to 
killer toxin K28 became sensitive to the toxin when the gene 
YAR028W was deleted (49). While it is tempting to speculate that 
YAR027W and YAR028W are somehow involved in c ring assem-
bly, the resolution of the map precludes determining the precise 
locations of YAR027W, YAR028W, c, c′, or c″ in the complex. To 
examine whether the two proteins are essential for V-ATPase func-
tion, we generated a haploid yeast strain with both the YAR027W 
and YAR028W genes deleted. When grown on medium containing 
zinc, the strain did not exhibit the VMA− V-ATPase deficiency 
phenotype, indicating that YAR027W and YAR028W are not 
essential for V-ATPase activity (SI Appendix, Fig. S8B). However, 
numerous questions related to YAR027W and YAR028W still 
require investigation. For example, it remains unknown if most of 
the YAR027W and YAR028W in the cell are bound to V-ATPase 
c rings with Vma21p, or if this population is a minor portion of 
the YAR027W and YAR028W. It is also unclear if YAR027W and 
YAR028W interact with other proteins besides the components of 
the c ring and Vma21p and if these interactions are somehow 
related to their interaction with V-ATPase. A high-resolution struc-
ture of YAR027W, YAR028W, the c ring, and Vma21p may help 
answer some of these questions. While extensive further study is 
clearly required, the results presented here indicate that Vma21p 
interacts with a complex that involves c subunits, YAR027W, and 
YAR028W.

The C-terminal Lys-Lys-Glu-Asp ER-retrieval motif of Vma21p 
allows the protein to travel back to the ER membrane after escort-
ing the fully assembled VO complex out of the ER. Mutating the 
motif to Gln-Gln-Glu-Arg results in Vma21p’s mis-localization 
to the vacuolar membrane (24). A recent study showed that 
removal of this retrieval motif on human VMA21 results in the 
protein becoming enriched in lysosomes, eventually leading to 
activation of autophagy (28). The structures obtained from the 
Vma21p-3×FLAG sample suggest that Vma21p binds all VO sub-
complexes that contain c rings. By binding to these complexes, 
the ER-retrieval motif on Vma21p would return any partially 
assembled VO complexes that are transported to the Golgi back 
to the ER membrane. Therefore, removal of Vma21p is required 
for the mature VO complex to remain in the Golgi or travel further 
to its designated cellular location.

Discussion

Unsurprisingly, owing to their importance for VO assembly, muta-
tions in the human homologues of Vma12p, Vma22p, and 
Vma21p have been linked to disease. The results presented here 
provide a structural context for understanding these mutations. 
Mutations of the human homologue of Vma22p, CCDC115, are 
found in patients affected by congenital disorders of glycosylation 
(30, 31). The human mutation D11Y maps onto a region at the 
N terminus of Vma22p that is not resolved in the structure. 
However, L31S in CCDC115 maps onto Leu34 in the yeast 
Vma22p structure, where mutation could affect the binding of 
subunit F (SI Appendix, Fig. S9A, blue circle with cyan fill). 
Mutations in TMEM199, the human homologue of Vma12p, are 
also found in the same disease (32) and map to the N-terminal 
domain of Vma12p (32) (SI Appendix, Fig. S9A, yellow circles 
with cyan fill). These residues do not appear to be involved in 
protein–protein interactions, but their mutation may disrupt the 
fold of Vma12p. Mutations of the human gene VMA21 have been 
reported in X-linked myopathy with excessive autophagy (27) and 
follicular lymphoma (28). Three of the reported mutations 

(equivalent to Thr35, Pro36, and Thr38 in the yeast Vma21p) are 
found in the luminal loop of the protein (SI Appendix, Fig. S9B). 
The remaining reported mutations map to the transmembrane 
region of yeast Vma21p where it interacts with c subunits and 
could partially disrupt this interaction (28, 29) (SI Appendix, Fig. 
S9B). In yeast, loss of function of Vma12p, Vma21p, or Vma22p 
leads to the conditionally lethal VMA− phenotype, suggesting that 
loss of function of CCDC115, VMA21, or TMEM199 would be 
embryonic lethal in humans. Therefore, disease-linked mutations 
in the assembly factors likely only weaken interaction with VO 
subunits or reduce the stability of the assembly factors. Mutations 
that are far from where the assembly factors interact with VO 
subunits may affect interaction with other, currently unidentified, 
binding proteins.

The structures described above suggest the sequence of events 
that occur during VO assembly in the ER membrane and subse-
quent binding of V1 in the Golgi (Movie S1 and Fig. 4). The 
structure consisting of a partial c ring with YAR027W and 
YAR028W purified via Vma21p-3×FLAG may or may not be on 
the assembly pathway and requires further investigation. The c 
ring assembles around Voa1p (13, 36), with binding of subunit d 
to the c8c′c″Voa1p ring (33) masking the ER-retrieval motif of 
Voa1p (13). The VO∆aef:Vma12-22p structure indicates that the 
Vma12-22p complex binds this fully assembled ring prior to inter-
action with subunits a, e, and f (Fig. 4A). Vma12-22p helps recruit 
and secure the interaction of subunit a with the c ring (34) through 
interaction of Vma12p with subunits a and d (Fig. 4B). During 
recruitment of subunits a, e, and f, Vma22p mediates the inter-
action between Vma12p and subunit d and prevents premature 
attachment of the V1 complex to the partially assembled VO com-
plex. Subunit F does not directly participate in the assembly pro-
cess but mediates the association of Vma12p and Vma22p. The 
fully assembled VO complex with Vma12-22p can then transition 
to the energetically favored conformation of the c ring, disrupting 
the Vma12-22p binding site on VO and removing Vma12-22p 
from the complex (Fig. 4C). This release of Vma12-22p is required 
for the subsequent assembly of V1 with VO. The structures pre-
sented here suggest that Vma21p binds all assembly intermediates 
that contain a c ring, with the ER-retrieval motif from Vma21p 
ensuring that partially assembled complexes are returned to the 
ER membrane (Fig. 4 A–C).

Despite the ER-retrieval motif of Vma21p, the assembly factor 
is found in a subpopulation of VO complexes on coat protein 
complex II-coated transport vesicles (33), which facilitate VO 
transport from the ER membrane to the Golgi membrane 
(Fig. 4D). In the absence of Vma12-22p, this VO:Vma21p com-
plex is capable of interacting with V1, presumably with the RAVE 
complex mediating binding of VO, V1∆C, and subunit C (19, 22) 
(Fig. 4E). The attachment of V1 would initiate rotary catalysis, so 
that rotation of the c ring drives dissociation of Vma21p (Fig. 4F). 
The removal of Vma21p allows intact V-ATPase to remain in the 
Golgi membrane or travel further to the vacuole, while free 
Vma21p returns to the ER membrane owing to its ER-retrieval 
motif. This substitution of Vma21p with V1 is consistent with the 
simultaneous loss of Vma21p and binding of V1 to VO observed 
previously (33).

Overall, the data presented here provide a structural basis for 
understanding disease-causing mutations in CCDC115, 
TMEM199, and VMA21. Furthermore, the structures suggest 
how Vma12-22p and Vma21p coordinate their known roles in 
the assembly of the VO complex and formation of an active intact 
V-ATPase after departure of VO from the ER membrane. They 
also reveal an unexpected protein complex involving the V-ATPase 
c ring, Vma21p, and the uncharacterized proteins YAR027W and 
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YAR028W. Importantly, the structures illustrate how Vma21p 
and Vma12-22p play central roles in both V-ATPase assembly and 
quality control.

Methods

Yeast Strains. S. cerevisiae strains SABY125, SABY129, and SABY130 were pre-
pared by homologous recombination to integrate DNA sequence for a 3×FLAG 
tag downstream of the VMA12, VMA21, and VMA22 genes, respectively, in the 
background strain BJ2168 (MATa leu2 trp1 ura3-52 prb1-1122 pep4-3 prc1-407 
gal2), respectively. Plasmid pJT1 (38) was used to amplify DNA sequence encod-
ing the 3×FLAG tag followed by a URA3 marker. The PCR products were then used 
to transform BJ2168 by standard lithium acetate transformation. Transformed 
cells were selected by growth on minimal media lacking uracil, and successful 
transformants were confirmed by PCR. The ∆Vma21p yeast strain YSC6273-
201936318 (vma21::KanMX MATa his3Δ1 leu2Δ0 met15Δ0) was purchased 
from Horizon Discovery. The S. cerevisiae strain SABY149 was prepared from strain 
W303-1A by simultaneous deletion of the genes YAR027W and YAR028W. These 
genes are adjacent to each other on chromosome I and were deleted by homol-
ogous recombination with a linear DNA fragment encoding the URA3 marker. 
Primer sequences used for yeast strain construction and confirmation are listed 
in SI Appendix, Table S2.

Protein Purification. Yeast strains were grown in 11 L yeast extract peptone dex-
trose media (20 g/L peptone, 20 g/L glucose, 10 g/L yeast extract) supplemented 
with 100 μg/mL ampicillin and 0.02% antifoam in a Microferm fermenter (New 
Brunswick Scientific) at 30 °C for 1 d (>22 h), with aeration of 34 cubic feet per 

hour and stirring at 300 rpm. All subsequent steps were performed at 4 °C. Cells 
were harvested by centrifugation at 4,000 × g for 15 min and resuspended in 
1 mL/g lysis buffer (8 g/L NaCl, 0.2 g/L KCl, 1.44 g/L Na2HPO4, 0.24 g/L KH2PO4, 
80 g/L sucrose, 20 g/L sorbitol, 20 g/L glucose, 5 mM 6-aminocaproic acid, 5 
mM benzamidine hydrochloride, 5 mM ethylenediaminetetraacetic acid, 10 mg/L 
phenylmethylsulfonyl fluoride, pH 7.4). Cells were lysed with 0.5 mm glass beads 
in a bead beater (BioSpec), with six cycles of 1 min of bead beating and 1 min 
of cooling. Cell debris was removed by centrifugation at 4,000 × g for 15 min. 
Membranes were then collected by ultracentrifugation (Beckman L-90K, Ti70 
rotor) at 145,000 × g for 40 min, resuspended in 0.5 mL/g lysis buffer using a 
Dounce homogenizer, and stored at −80 °C prior to protein purification.

Frozen membranes were thawed at room temperature, and all the purification 
steps were performed at 4 °C. Membranes were solubilized with 1% (w/v) n-dode-
cyl β-D-maltoside (DDM; Anatrace) and mixed for 30 min. Insoluble material was 
removed by ultracentrifugation at 158,000 × g for 1h (Beckman L-90K, Ti70 rotor), 
and membranes were filtered with a 0.45 μm syringe filter and applied to a 0.5 mL 
anti-FLAG M2 affinity gel in a column (Millipore Sigma) pre-equilibrated in DDM 
Tris-buffered saline (DTBS; 50 mM Tris-HCl, 150 mM NaCl, 0.02% [w/v] DDM, pH 7.4). 
The column was washed with 10 column volumes of DTBS, and protein was eluted 
with three column volumes of DTBS containing 150 μg/mL of 3×FLAG peptide and 
one column volume of DTBS without peptide. Protein was then concentrated to 
~200 μL with a 100 kDa molecular weight cutoff (MWCO) Amicon Ultracentrifugal 
filter (Millipore Sigma) at 1,000 × g, diluted with 4 mL glyco-diosgenin Tris-buffered 
saline (50 mM Tris-HCl, 150 mM NaCl, 0.004% [w/v] glyco-diosgenin [Anatrace], pH 
7.4) and concentrated to ~200 μL in the same concentrator. For Vma12p-3×FLAG 
and Vma22p-3×FLAG, samples were further concentrated to ~1 to 2 mg/mL with a 
100 kDa MWCO Vivaspin 500 centrifugal concentrator (Sartorius) at 12,000 × g. For 
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Vma21p-3×FLAG, the sample was concentrated at 1,000 × g. Protein concentration 
was determined by bicinchoninic acid assay (Pierce).

CryoEM Specimen Preparation and Data Collection. Samples were applied to 
homemade nanofabricated holey gold grids with regular arrays of ~2 μm holes (50, 
51). Grids were glow-discharged in air for 2 min, and 1.5 μL of sample was applied 
to the grids, blotted for 2 s at 4 °C and 80% relative humidity, and frozen rapidly in 
liquid ethane with a Leica EM GP2 freezing device. Sample screening was performed 
with a FEI Tecnai F20 electron microscope operating at 200 kV and equipped with a 
Gatan K2 Summit direct detector device camera. Images were collected as movies at 
a magnification of 25,000×, with 30 fractions at 5 e−/pixel/s and a calibrated pixel 
size of 1.45 Å. High-resolution data collection was performed with a Titan Krios G3i 
electron microscope (Thermo Fisher) operating at 300 kV and equipped with a Falcon 
4 camera (Vma22p dataset) or a prototype Falcon 4i camera (Vma12p and Vma21p 
datasets). Automated data collection was performed with the EPU software package. 
Movies consisting of 30 exposure fractions were collected at a nominal magnification 
of 75,000×, corresponding to a calibrated pixel size of 1.03 Å.

Image Analysis. Movie alignment with patch-based motion correction and estima-
tion of contrast transfer function (CTF) parameters were performed with cryoSPARC 
Live. All other image analysis steps were performed with cryoSPARC v3 (52). After 
removing movies with undesirable CTF fit, ice thickness, or motion, 4,032, 4,417, 
and 4,179 movies from the Vma12p-×FLAG, Vma21p-×FLAG, and Vma22p-×FLAG 
datasets were selected for further processing, respectively. Templates for particle 
selection were generated from 2D classification of manually selected particle 
images. Individual particle motion correction was performed (53), and datasets 
were cleaned with multiple rounds of 2D classification and ab  initio 3D classi-
fication. This process provided 692,432 particle images for the Vma12p-×FLAG 
dataset, 607,746 particle images for the Vma21p-×FLAG dataset, and 462,692 
particle images for the Vma22p-×FLAG dataset.

Ab initio 3D classification and heterogeneous refinement were applied to all 
the datasets. For the Vma21p dataset, this procedure allowed identification of 
classes corresponding to VO:Vma21p, VO:Vma12-22p, and the YAR027W/028W:c9 
ring structure. For both the Vma12p and Vma22p datasets, the process led to 
identification of VO:Vma12-22p and VO∆aef:Vma12-22p structures. The classes 

corresponding to VO:Vma21p from Vma21p dataset and VO:Vma12-22p and 
VO∆aef:Vma12-22p from Vma12p dataset were refined with nonuniform 
refinement (54), followed by two rounds of local and global CTF refinement, 
and nonuniform refinement.

Atomic Model Building. The previously published VO model 6O7T (36), 
AlphaFold models of Vma12p, Vma21p, and Vma22p (35), and subunit F from 
previously published V-ATPase model 7TMQ (19) were used for rigid body fit-
ting into the maps of VO:Vma12-22p, VO∆aef:Vma12-22p, and VO:Vma21p with 
University of California San Francisco (UCSF) Chimera (55). Atomic models were 
constructed by manual model building in Coot (56), followed by refinement with 
ISOLDE (57) and real space refinement with Phenix (58). Figures were rendered 
with UCSF Chimera (55) and UCSF ChimeraX (59).

Data, Materials, and Software Availability. Electron microscopy 
maps are available from the electron microscopy databank with accession 
codes EMD-27984, EMD-27985, EMD-27986, EMD-27987, and EMD-27988 
(60–64), and atomic models are available from the protein databank with acces-
sion codes 8EAS, 8EAT, 8EAU, and 8EAV (65–68).
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