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Fig. S1. CryoEM of the VO:Vma12-22p complex. A, Example micrograph and 2D class average 
images. B, Fourier shell correlation curves, corrected for masking, after gold-standard refinement 
for VO:Vma12-22p and VO∆aef:Vma12-22p. C, Local resolution map for VO:Vma12-22p. D, 
Orientation distribution plot for VO:Vma12-22p. E, Local resolution map for VO∆aef:Vma12-22p. F, 
Orientation distribution plot for VO∆aef:Vma12-22p. 
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Fig. S2. Model-in-map fit examples. Examples of the atomic model fit in the cryoEM map of 
VO:Vma12-22p (A) and VO∆aef:Vma12-22p (B).  
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Fig. S3. Structural features of the Vma12-22p complex. A, Re-analysis of a published data of 
VO images does not reveal VO∆aef complexes. B, Protein sequence alignment between Vma22p 
and Vma8p (subunit D from V1 complex). Red boxes indicate identical residues and white boxes 
indicate similar residues. C, Subunit F binds Vma12p and Vma22p and mediates their 
association. D, Vma12p interacts with subunits a and d through an a helix. E, CryoEM map of 
VO:Vma12-22p from the Vma22p-3×FLAG preparation with a model of VO:Vma12-22p from 
Vma12p-3×FLAG fitted. F, CryoEM map of VO∆aef:Vma12-22p from the Vma22p-3×FLAG 
preparation with a model of VO:Vma12-22p from Vma12p-3×FLAG fitted. G, Movement of 
subunits a, e, and f relative to the c ring when the c ring transitions to its orientation in the mature 
VO complex. 
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Fig. S4. Integration of a 3×FLAG tag to Vma21p does not compromise V-ATPase function. 
Comparison of yeast growth for wildtype, ∆Vma21p, and Vma21p-3×FLAG yeast strains on YPD 
(A), and YPD with 4 mM of ZnCl2 (B). Deletion of Vma21p produces a VMA- V-ATPase deficiency 
phenotype but addition of a C-terminal 3×FLAG tag to Vma21p does not cause the phenotype. 
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Fig. S5. CryoEM of the Vma21p-3×FLAG preparation. A, Example micrograph and 2D class 
average images. B, Fourier shell correlation curves, corrected for masking, after gold-standard 
refinement for VO:Vma21p, VO:Vma12-22p, and YAR027W/028W:c9. C, Local resolution map for 
VO:Vma21p. D, Orientation distribution plot for VO:Vma21p. E, Local resolution map for 
VO:Vma12-22p. F, Orientation distribution plot for VO:Vma12-22p. G, Local resolution maps for 
YAR027W/028W:c9. H, Orientation distribution plot for YAR027W/028W:c9. 
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Fig. S6. Model-in-map fit examples. Examples of the atomic model fit in the cryoEM map of 
VO:Vma21p. 
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Fig. S7. Comparison of the structure of VO:Vma21p complex and mature VO. A, Fitting of the 
VO:Vma21p model into the previously-determined VO map (EMDB: 0644). B, Binding location of 
Vma21p on the c ring.   
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Fig. S8. YAR027W and YAR028W. A, Protein sequence alignment between YAR027W and 
YAR028W. Red boxes indicate identical residues and white boxes indicate similar residues. B, 
Comparison of yeast growth for wildtype, ∆Vph1p∆Stv1p, and ∆YAR027W∆YAR028W yeast 
strains on YPD (i), and YPD with 4 mM of ZnCl2 (ii). Simultaneous deletion of YAR027W and 
YAR028W does not cause the VMA- V-ATPase deficiency phenotype, which is seen in the 
∆Vph1p∆Stv1p strain used as a positive control. 
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Fig. S9. Disease-associated mutations in human TMEM199, VMA21, and CCDC115 that 
map onto yeast Vma12p, Vma21p, and Vma22p. A, Mutations of TMEM199 and CCDC115 
associated with congenital disorders of glycosylation that map onto yeast Vma12p and Vma22p. 
B, Mutations of VMA21 associated with X-linked myopathy with excessive autophagy and 
follicular lymphoma that map onto yeast Vma21p. Yeast residues are indicated with disease 
causing human mutations in brackets. 
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Table S1. CryoEM map calculation and atomic model construction statistics. 
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Table S2. DNA primers used for strain construction and confirmation.  
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Movie S1 (separate file). Movie S1. Model for the sequence of events in VO assembly.  
 
Dataset S1 (separate file). Mass spectrometry identification of proteins purified with Vma21p-
3×FLAG preparation.  
 
 


