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     Fig. S1. Schematic of the architectures of (a) prokaryotic and (b) eukaryotic V-

ATPases based on EM reconstructions. The figures are adapted with permission from the 

publishers. Equivalent subunits between cell types are listed in Table S1. (a) From the 

studies of Thermus thermophilus by Lee et al.
1
 The cytoplasmic N-terminal domain of 

subunit I labeled “Isol” is equivalent to Icyt that has been adopted in our studies. This 

model was obtained by fitting crystal structures of all subunits and subcomplexes from 

bacteria (except subunit I). (b) From the investigation of yeast V-ATPase by Diepholz et 

al.
2
 aN is the N-terminal cytoplasmic domain of eukaryotic subunit “a” which is 

equivalent to acyt in the paper. With the exceptions of the known crystal structures of 

yeast subunits H and C, which are unique to eukaryotes, the equivalent crystal structures 

of bacterial subunits were used in the fitting. The crystal structure of subunit a, like its 

equivalent bacterial subunit I, is unknown. 
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     Fig. S2. Stereo diagram of representative electron density. Shown is a non-

proteinaceous density into which a molecule of the crystallization buffer CHES (2-

(Cyclohexylamino)ethanesulfonic acid) has been modeled and included in the refinement. 

Fully consistent with the nature of CHES, the cyclohexyl group is tucked in a 

hydrophobic pocket formed by residues Leu114 and Phe115 at C-terminal end of helix 

IV and Phe140, Leu141, Val142; Leu200, and Phe202 on loops of the distal lobe of the 

Icyt structure.  Moreover, polar residues Asn172 and Gln173 interact with the sulfonic 

group of CHES. 
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     Fig. S3. Amino acid sequence alignment of the cytosolic N-terminal domains from M. 

ruber subunit I (Icyt) and three eukaryotic subunit a (acyt) homologs. The zebrafish and fly 

a1 orthologs are mainly neuronal in origin. Multiple sequence alignment was performed 

using ClustalW2. Invariant, identical and similar residues are highlighted in green, yellow 

and cyan, respectively. The secondary structures (α-helix, red cylinder and β-strand, 

yellow arrow) at the top are from the M. ruber Icyt crystal structure (Fig. 1a), and those at 

the bottom are from I-TASSER,
3
 the online threading program used to obtain the 

structure models of acyts (see Methods and Table S3). Dashed lines at the C-terminal of 

Icyt indicate a segment of residues which show no electron density (Fig. 1a and Methods) 

and assumed to be disordered in the acyt models. The secondary structures from I-

TASSER agree very well with those obtained by the program PSI-PRED (data not 

shown). The Icyt crystal structure and acyt models contain one extra non-equivalent -helix 

(XI and II, respectively). The long loop in fly a1 composed of residues S142-P162 is 

absent in all other subunit “a” homologs. With the loop excluded, almost all eukaryotic 

homologs are ~50 residues longer than those of bacterial subunit I. The extra residues are 

mostly located in loops (see also Fig. 1c). Helices VIII and IX in the Icyt crystal structure 

were predicted to form one long helix (IX) in eukaryotic acyts, which is shown in Fig. 

1c. Although the sequence identities and similarities between Icyt and acyt domains are 

somewhat low (Table S3), the alignment indicates very close secondary structure 

matching of the Icyt crystal structure with those predicted for the acyts. The conserved 

residues (F, I and L) underlined and colored red in acyts αX helix are essential for binding 

Ca
2+

-calmodulin.
4
 The long segment consisting of coil 1 (helix III) and coil 2 (helices IV-

V-VI) of eukaryotic acyt (identified by COILS
5
) has been demonstrated to bind t-SNARE 

protein syntaxin or SNAP25.
6
 Recent evidence suggests that mutations of the residues in 

helix V in fly a1 abolish binding to syntaxin (unpublished data, Dr. P. Robin Hiesinger, 

University of Texas Southwestern Medical Center). Lack of sequence conservation 

between Icyt and the eukaryotic acyts in the segments that interacts with t-SNAREs and 

Ca
2+

-calmodulin suggests that the SNARE and calmodulin binding properties of acyts for 

membrane fusion would have evolved later in evolution.  
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Table S1. Subunit composition and mass of prokaryotic and eukaryotic V-ATPases
a
 

 

Prokaryote (T. thermophilus) 
 

Eukaryote (Yeast) 
 

V1 sector 

Name Mass (kDa) Name Mass (kDa) 
 

A 
 

64 
 

A 
 

70 

B 54 B  58 

- - C
 

44 

D 25 D 29 

E 21 E 26 

F 12 F 13 

G
 

13 G 13 

- - H
 

54 
 

V0 sector 
 

Name 
 

Mass (kDa) 
 

Name 
 

Mass (kDa) 
 

I 
 

72
b 

 

a 
 

96 

 L
 

8 c 16 

  c′ 17 

  c″ 23 

C 36 d 40 

- - e
 

8 
 

     a 
The crystal structures of all subunits, except subunit I, of the bacterial V-ATPase 

subunits were used to fit the cryo-EM reconstruction density maps of prokaryotic V-

ATPase resulting in the schematics depicted in Fig. S1A. Crystal structures of 

subunits C and H from S. cerevisiae were used for fitting into eukaryotic V-ATPase 

density.
7
 The crystal structure presented here represents the first instance of a 

subunit “I” or “a” reported in the literature.  
     b 

The mass of M. ruber subunit I is 73 kDa with sequence identity and similarity of 

53% and 69%, respectively, with that of the T. thermophilus. 
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Table S2. Kinks between α-helices in the linker of the Icyt structure
a
 

 

Location of 

kinks 

 

Angle (deg.) 
 

Nterm 
 

In 
 

Cterm 
 

Local Sequence
b
 

 

III-IV 
 

29.8 
 

V87 
 

L 
 

R89 
 

84AEAVLRPVA 

IV-V 55.6 L114 F G116 111TIELFGKAA 

VIII-IX 41.5 R223 L A225 220ERARLAPEE 

IX-X 57.8 E242 S G244 239LSRESGEAL 
 

     a 
According to the classification by the studies of Langelaan et al.,

8
 kinks in -

helices, especially those in membranes, could either be bends due to a change in 

helix axis direction with all residues staying helical or disruptions owing to a 

change in helix axis direction accompanied by a loss of helical character or the 

requisite main chain hydrogen bonds. The four kinks listed above from the two 

series of α-helices in the linker (see Text) are caused by disruptions. 
     b 

Disruptions in helices are often caused by the presence of prolines or glycines,
8
 

which are the case for the four major kinks in Icyt (bold and underlined).  The 

prolines and glycines are located at In+2 and In+1, respectively, C-terminal to where 

the kinks occur at position In. Since the prolines and glycines are absent in the 

eukaryotic acyt region (Fig. S3), it is possible that the disruptions are transformed to 

bends in acyts, resulting in continuous α-helices for the homologous helices III-IV-

V and VIII-IX-X.  For example, VIII and IX in the M. ruber Icyt crystal structure 

(Fig. 1a) were predicted to form one long helix (IX) in eukaryotic acyts model 

(Fig. S3). 
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Table S3. Statistics of the amino acid sequence alignment of M. ruber Icyt with its equivalent 

eukaryotic acyt domains and the predicted structure models obtained from threading 
 

 

acyt domain 
 

Sequence Comparison
a
 

 

Quality of Predicted Model
b
 

 

Identity (%) 
 

Similarity (%) 

 

C-Score
 

 

TM-Score
 

 

Zebrafish a1
 

 

18.0 
 

34.1 
 

-2.56 
 

0.420.14 

Fly a1 18.0 31.0 -3.38 0.340.11 

Yeast Vph1 16.3 30.7 -3.19 0.360.12 

     a 
From pair wise amino acid sequence alignment of the cytosolic domains of M. ruber 

subunit I with neuronal subunit a1 of zebrafish and fly and yeast Vph1 using EMBOSS.
9
 

The sequence identities are 2.5 times higher than that between Icyt and yeast subunit C (Fig. 

1d). In contrast to the somewhat low values of the sequence identities and similarities, pair 

wise alignment between eukaryotic homologs, especially mammalian homologs, show much 

higher identities and similarities.
4
 For example, the neuronal zebrafish and fly subunit a1 

orthologs show 71% and 81% sequence identity and similarity, respectively (Fig. S3).   

Although the sequence identities of Icyt and the acyts are relatively low, the very high 

conservation of secondary structures (Fig. S3) facilitated the threading.  
     b 

From modeling using the online server I-TASSER (Methods and Fig. S3).
3
 The quality 

of the generated models is based on two major criteria in I-TASSER, the C-score and the 

TM-score. These criteria indicate reasonable models with very similar overall topology and 

high degree of three-dimensional structure similarity, particularly the preservation of the 

secondary structures as seen in the M. ruber Icyt crystal structure (Figs. 1a and c; Fig. S3.). 

The differences in the structures occur in loops partly because Icyt has a shorter sequence 

(Fig. S3). Of the three acyt models, the zebrafish model (Fig. 1c) showed better statistics and 

hence used in our study.  
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Methods 

 

Protein Expression and Purification 

Genomic DNA from strain 21 of Meiothermus ruber was obtained from ATCC 

(35948D-5). The stretch of nucleotides of subunit “I”, encoding amino acid residues M1 

to D344 and representing the first half (or cytosolic domain “Icyt”) of the entire protein, 

were amplified using PCR and ligated in frame into pET-44 Ek/LIC vector (Novagen). 

The vector introduced 13 additional residues at the amino end after thrombin cleavage. 

After verification by DNA sequencing (Lone Star Labs), constructs were transformed 

into BL21(DE3) E. coli expression strain (Novagen). For protein expression, cells were 

grown at 37C in either LB broth supplemented with 50 mg/ml ampicillin with shaking 

(220 rpm) or a minimal medium containing 50 mg/L seleno-methionine for production of 

seleno-methionine labeled protein. Cells were induced with 0.1 mM, isopropyl-β-D-

thiogalactopyranoside (IPTG) at A600 of 0.6-0.8 and then grown at 16C overnight with 

shaking.  Cells were pelleted (3000g, 20 min) and then resuspended in 300 mM NaCl and 

50 mM sodium phosphate, pH 7.0. The cell suspension was passed through a 

microfluidizer (Microfluidics) multiple times for cell lysis. The lysate was centrifuged at 

36,000g for 30min at 4 C, and the supernatant was loaded onto pre-equilibrated Talon 

resin (Clonetech). Resin was washed with 10 column volumes of 10 mM imidazole, 300 

mM NaCl and 50 mM sodium phosphate, pH 7.0. 1:50 ratio of thrombin (HTI): fusion 

protein was added to the resin and incubated with gentle shaking at room temperature for 

2 hours. The protein was eluted in 300 mM NaCl and 50 mM sodium phosphate, pH 7.0 

and then the buffer exchanged to 50 mM NaCl and 20 mM Tris-HCl, pH 8.0. Protein was 

bound to a pre-packed 5 ml HiTrap Q HP column (GE Healthcare) and eluted using a 

linear gradient of NaCl from 0.05 to 1 M. Fractions containing protein were pooled, 

concentrated by ultra-filtration and further purified using a Superdex-200 HR10/30 

column (GE Healthcare) in 50 mM NaCl and 20 mM Tris-HCl, pH 8.0. Pooled fractions 

were concentrated by ultra-filtration. Protein concentrations were determined using A280 

and a molar extinction coefficient ( of 30940 M
-1

 cm
-1

 obtained using ProtParam tool.
10 

 

Crystallization and structure determination 
Crystals were grown by hanging drop vapor diffusion method, by mixing equal 

volumes of protein stock solution 10 mg/ml and the reservoir buffer of 0.2 M lithium 

sulfate, 0.8 M sodium-potassium tartrate and 0.1 M CHES, pH 9.5. Protein crystals grew 

in 2-3 days at 20C Before data collection, protein crystals were cryoprotected by serial 

transfers into mother liquor containing 25% glycerol and then by rapid immersion in 

liquid N2. Diffraction data of crystals of native and seleno-methionine variant Icyt were 

collected on APS synchrotron beam line 19-ID and showed diffraction data to 2.6 Å 

(Table 1). Indexing, integration and scaling were carried out with HKL3000.
11

 The 

PHENIX software suite was used for solving the structure.
12

 Phasing was performed 

using the seleno-methionine substituted protein by the single-wavelength anomalous 

diffraction method using the phenix-autosol wizard.
13,14

 Resulting phases were the 

starting point for automatic model building with phenix.autobuild.
15,16

 Alternate model 

building and refinement were done with Coot
17

 and phenix-refine,
18

 respectively. Final 

refinement statistics and quality of the structure are summarized in Table 1. Figures were 

generated using PyMol (Schrodinger LLC).  
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Only residues 1 to 301 of Icyt could be fit into the electron density. Mass 

spectrometric analysis of Icyt crystals and protein in solution indicated a mass of 38847 

Daltons, consistent with the cloned cytosolic region (residues 1 to 344), plus 13 

additional residues at the N-terminus that originated from the plasmid. Taken together 

these indicate that the 13 additional residues and 43 residues at the C-terminus are 

disordered in the electron density. 

 

acyt model 

Coordinates of the M. ruber Icyt was used as a starting template for obtaining 

structural models of the N-terminal cytoplasmic domains (acyts) of zebrafish a1, fly a1 

and yeast Vph1 using the online server I-TASSER 

(http://zhanglab.ccmb.med.umich.edu/I-TASSER/).
3
 Since no electron density for Icyt 

was observed beyond residue 301, the three acyt sequences aligned by CLUSTALW 

and ending at that corresponding residue (Fig. S3) were used as the input sequence. 

Sequence template alignments were generated using the program MUSTER, which is 

built into I-TASSER. The quality of the generated models was assessed in I-TASSER 

based on two major criteria, the C- and the TM-scores. C-score is calculated based on 

the significance of the threading alignments and the convergence of the I-TASSER 

simulations. C-scores typically range from -5 to 2, with higher scores reflecting a 

model of better quality. TM-score is a measure of structural similarity between the 

predicted model and the native or experimentally determined structure, with a value 

close to 0.5 indicating a model of correct topology. The results of the assessments for 

the three acyt models obtained in this experiment are shown in Table S3. 

 

Fitting into EM reconstruction density maps 

Fitting was performed using UCSF's Chimera
20

 
 
and Foldhunter.

21
 Evaluation of 

the fitting was done with e2fhstat.py available in EMAN2.
22

 Based on this evaluation, all 

the fits depicted in Fig. 2 were unique (99
th

 percentile for volume inclusion and real-

space correlation) and yielded the following cross-correlation values. The fit (Fig. 2a) of 

the crystal structures of Icyt and T. thermophilus subunits E&G heterodimer (PDB 3k5b) 

into the 16 Å cryo-EM reconstruction (EMDB ID 1888) of the T. thermophilus V-

ATPase gave cross-correlation values of 0.9164 and 0.9279, respectively. The cross-

correlations of the fit (Fig. 2b) of the zebrafish a1 acyt model structure obtained as 

described above (see also Fig. 1c and Table S3) and the x-ray structures of subunits H 

(PDB 1h08) and C (PDB 1u7l) into the density of the 25 Å negative stain EM 

reconstruction of the intact yeast V-ATPase (EMDB ID: 1640) were 0.8662, 0.8600 and 

0.8725, respectively. Similar fitting into the 17 Å cryo-EM density of Manduca sexta 

(EMDB ID 1590) (Fig. 2c) yielded cross correlations of 0.8199 for the acyt model and 

0.8828 and 0.8678 for subunits H and C, respectively.  
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