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Sec1/Munc18 protein Vps33 binds to SNARE 
domains and the quaternary SNARE complex
Braden T. Lobingiera and Alexey J. Merza,b

aDepartment of Biochemistry and bDepartment of Physiology and Biophysics, University of Washington, 
Seattle, WA 98195-3750

ABSTRACT Soluble N-ethylmaleimide–sensitive factor attachment protein receptor (SNARE) 
proteins catalyze membrane fusion events in the secretory and endolysosomal systems, and 
all SNARE-mediated fusion processes require cofactors of the Sec1/Munc18 (SM) family. 
Vps33 is an SM protein and subunit of the Vps-C complexes HOPS (homotypic fusion and 
protein sorting) and CORVET (class C core vacuole/endosome tethering), which are central 
regulators of endocytic traffic. Here we present biochemical studies of interactions between 
Saccharomyces cerevisiae vacuolar SNAREs and the HOPS holocomplex or Vps33 alone. 
HOPS binds the N-terminal Habc domain of the Qa-family SNARE Vam3, but Vps33 is not re-
quired for this interaction. Instead, Vps33 binds the SNARE domains of Vam3, Vam7, and 
Nyv1. Vps33 directly binds vacuolar quaternary SNARE complexes, and the affinity of Vps33 
for SNARE complexes is greater than for individual SNAREs. Through targeted mutational 
analyses, we identify missense mutations of Vps33 that produce a novel set of defects, includ-
ing cargo missorting and the loss of Vps33-HOPS association. Together these data suggest a 
working model for membrane docking: HOPS associates with N-terminal domains of Vam3 
and Vam7 through Vps33-independent interactions, which are followed by binding of Vps33, 
the HOPS SM protein, to SNARE domains and finally to the quaternary SNARE complex. Our 
results also strengthen the hypothesis that SNARE complex binding is a core attribute of SM 
protein function.

INTRODUCTION
Fusion, the final step of membrane trafficking between cellular com-
partments, requires the coordinated action of multiple conserved 
protein families, including soluble N-ethylmaleimide–sensitive factor 

attachment protein receptors (SNAREs), Rab small G proteins, teth-
ering proteins, and SNARE cofactors, including the Sec1/Munc18 
(SM) proteins. A typical docking and fusion sequence entails activa-
tion of Rab proteins and recruitment of tethering factors. After teth-
ering, three Q-SNARE domains (designated Qa, Qb, Qc) and one 
R-SNARE assemble into a coiled-coil trans-complex spanning the 
docked membranes. trans-SNARE complex assembly is thought to 
drive membranes together, initiating a merger of the apposed bilay-
ers and intermixing of lumenal contents. Following fusion, the uni-
versal factors Sec17/ -SNAP ( –soluble N-ethylmaleimide–sensitive 
factor attachment protein) and Sec18/NSF (N-ethylmaleimide–sen-
sitive factor) disassemble cis-SNARE complexes (for a review, see 
Zhao et al., 2007).

Despite intense efforts, the roles of SM proteins in these pro-
cesses are incompletely understood. Genetic ablation or biochemi-
cal interference with SM function typically results in cessation of traf-
fic through one or more pathways (Sudhof and Rothman, 2009). In 
vitro, SM proteins stimulate fusion of liposomes reconstituted with 
SNARE proteins (Scott et al., 2004; Shen et al., 2007). At the bio-
chemical level, SM proteins have divergent modes of association 
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RESULTS
HOPS has multiple binding sites for the Qa-SNARE Vam3
To evaluate interactions between the Qa-SNARE Vam3 and native 
Saccharomyces cerevisiae HOPS (Figure 1A), we expressed and puri-
fied portions of Vam3 fused C-terminally to glutathione S-transferase 
(GST). Affinity-capture experiments were then performed using 
lysates from wild-type cells or lysates from deletion mutants lacking 
specific HOPS subunits. HOPS from wild-type cell lysates bound the 
full Vam3 cytoplasmic domain and the Habc domain (Figure 1B). 
HOPS derived from lysates lacking the Rab-binding subunits Vps39 
or Vps41 still bound Vam3 Habc, indicating that Vps39 and Vps41 are 
not required for the Vam3-HOPS interaction (Supplemental Figure 
S1). Surprisingly, in the absence of Vps33 (vps33 ), HOPS still bound 
the Vam3 Habc domain, indicating that a HOPS subunit other than 
Vps33 mediates Habc binding. A partial loss of HOPS binding to the 
full Vam3 cytoplasmic domain in the absence of Vps33 led us to 
hypothesize that Vps33 cooperates with other HOPS subunits in 
binding Vam3 through its Habc and SNARE domains.

In vps16 -null mutants, Vps33 cannot associate with the remain-
der of HOPS (Figure 1A; Rieder and Emr, 1997). In pull downs from 
vps16  cell lysates, Vps33 and HOPS had distinct binding profiles: 
Vps33 was retained on the Vam3 SNARE domain, while the remain-
der of HOPS was retained on the Vam3 Habc domain. Deletion of 
either Vps11 or Vps18 strongly reduced pull down of the remaining 
subunits with the Vam3 Habc from yeast detergent lysate (Figure S1). 
In addition to the interaction between HOPS and the Vam3 Habc 
domain, we detected weak interactions between HOPS and the 
Vam3 SNARE domain in the absence of Vps33 (Figure 1B). While 
this might be nonspecific binding, a recent report of interactions 
between the HOPS subunits Vps16 and Vps18 and vacuole SNAREs 
raises the possibility that HOPS subunits other than Vps33 contact 
SNARE domains (Kramer and Ungermann, 2011).

To test whether Vps33 directly binds the Vam3 SNARE domain, 
we expressed and purified S. cerevisiae Vps33 from insect cells 
(Figure 1C). In binding experiments, the purified Vps33 recapitulated 
results obtained with yeast cell lysates: Vps33 bound Vam3 directly 
through its SNARE domain (Figure 1D). When the binding conditions 
for the yeast lysate pull downs (2 h at 4°C) were used, purified Vps33 
exhibited slight binding to the plasma membrane Qa-SNARE Sso1 
(Figure 1D). With optimized binding conditions for purified Vps33 
(2 h at 30°C), the Vam3-Vps33 interaction was more efficient, and 
there was no detectable binding to Sso1 or to two other noncognate 
SNAREs, Sed5 and Sec22 (Figures 2, B and D, S2, and S4). Taken 
together, the data indicate that HOPS has at least two Vam3-binding 
sites. Vps11 and Vps18 are necessary for binding the Vam3 Habc 
domain, while Vps33 binds the Vam3 SNARE domain. This working 
model is supported by the present results and most previous experi-
ments addressing Vam3-HOPS interactions. We have so far been 
unable to detect binding of isolated Vps33, native or purified, to the 
Vam3 N-terminal Habc domain (Pieren et al., 2010).

Vps33 binds vacuolar Qa-, Qc-, and R-SNAREs 
and the quaternary SNARE complex
Interactions between SM proteins and individual non–Qa-SNAREs 
have been reported for Sly1, Vps45, Sec1, and Munc18 (Peng and 
Gallwitz, 2004; Xu et al., 2010b; Morgera et al., 2011). To test whether 
purified Vps33 directly binds vacuole SNAREs other than Vam3 (Qa), 
we prepared GST fusions to the cytoplasmic domains of Vti1 (Qb), 
Vam7 (Qc), and Nyv1 (R). We found (Figures 2A and S2) that purified 
Vps33 bound Vam3, Vam7, and Nyv1, but not Vti1 or GST alone. 
Because Vps33 binds Vam3 through its SNARE domain, we tested 
whether purified Vps33 could also bind SNARE domains of Vam7 

with SNAREs (Carr and Rizo, 2010). It remains unclear how these 
biochemical properties are linked to the nearly absolute require-
ment for SM function that prevails in vivo.

SM proteins differ in their ability to bind cognate Qa-SNAREs. 
Sly1 interacts with its cognate Qa-SNARE by binding an N-terminal 
motif called the N-peptide (Peng and Gallwitz, 2002, 2004; 
Yamaguchi et al., 2002). Vps45 and Munc18 also bind their cognate 
Qa-SNAREs through interactions involving the N-peptide. Primarily, 
this interaction is with the “closed” conformation of the Qa-SNARE, 
in which the trihelical N-terminal Habc domain folds back onto 
the SNARE domain (Dulubova et al., 2002). In these cases, the SM 
protein touches the N-peptide, the Habc domain, and the SNARE 
domain. Although it has been hypothesized that N-peptide engage-
ment might allosterically activate SM proteins, recent work suggests 
that a major function of N-peptide binding is simple recruitment of 
the SM to the fusion site (Rathore et al., 2010; Shen et al., 2010). In 
contrast, other SM proteins, including Sec1 and, as shown in the 
present study, Vps33, do not engage their cognate Qa-SNAREs with 
high affinity. Furthermore, these Qa-SNAREs lack the N-peptide 
consensus sequence (Hu et al., 2007). Sec1 has primary affinity for 
the SNARE core complex and lesser affinities for individual SNAREs 
(Togneri et al., 2006; Morgera et al., 2011). In lieu of N-peptide bind-
ing, these SMs are probably recruited to SNAREs through alterna-
tive mechanisms. For example, Sec1 binds the Sec6 subunit of the 
exocyst tethering complex, suggesting that exocyst positions Sec1 
at sites of exocytosis (Morgera et al., 2011). Another Sec1-binding 
protein, Mso1, also interacts with the Qa-SNARE Sso1 and contrib-
utes to correct Sec1 localization (Knop et al., 2005).

Relative to other SM proteins, the endolysosomal SM Vps33 is 
poorly understood. Direct biochemical characterization of Vps33 
has proven challenging due to its critical roles within at least two 
highly conserved Vps-C tethering complexes, HOPS (homotypic fu-
sion and protein sorting) and CORVET (class C core vacuole/endo-
some tethering; for review see Nickerson et al., 2009). In vivo and in 
vitro studies indicate that HOPS promotes tethering, docking, and 
fusion at the terminal lysosomal vacuole and further suggest that 
HOPS may proofread trans-SNARE complexes and shield trans-
complexes from disassembly (Starai et al., 2008; Stroupe et al., 
2009; Hickey and Wickner, 2010; Xu et al., 2010a). The specific con-
tributions of the six HOPS subunits to each of these functions are 
not understood.

It has been unclear whether previously reported interactions be-
tween HOPS and SNAREs are mediated directly by Vps33, or by 
the other five HOPS subunits. Cell-free assays demonstrated that 
the Habc domain of the Qa-SNARE Vam3 promotes HOPS recruit-
ment to the vacuole. However, mutational analyses suggested that 
Vps18, not Vps33, is necessary for HOPS binding to Vam3 (Laage 
and Ungermann, 2001). Moreover, overproduced Vps33 in yeast 
cell lysates binds the Vam3 SNARE domain but not the N-terminal 
domain (Dulubova et al., 2001). In apparent contrast to these stud-
ies, an interaction between Vps33 and the Vam3 Habc domain was 
postulated to occur (Pieren et al., 2010). Most recently, purified 
Vps33 was reported to bind preassembled 3Q- and 3Q:R-SNARE 
complexes but not individual SNAREs (Kramer and Ungermann, 
2011). Purified HOPS was also reported to have affinity for the 
N-terminal PX-domain of Vam7 and weaker affinities for Vam3 and 
Nyv1 (Stroupe et al., 2006). In the present study, we reexamined the 
SNARE-binding properties of Vps33, both in isolation and in the 
context of the native HOPS complex. Our findings unify much of 
the previous literature on interactions among SNAREs, HOPS, and 
the SM protein Vps33 and suggest a working model for HOPS-
SNARE interactions.
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selectivity of Vps33 binding to the vacuole 
SNARE complex, we assembled Golgi qua-
ternary SNARE complexes containing the 
GST-Sed5 SNARE domain and cytoplasmic 
domains of Bos1, Bet1, and Sec22. Vps33 
bound selectively to vacuole versus Golgi 
SNARE complex (Figure 2C).

The vacuole has two resident R-SNAREs. 
Nyv1 is thought to play a primary role in ho-
motypic vacuole fusion, while Ykt6 functions 
in heterotypic fusion (Ungermann et al., 
1999; Dilcher et al., 2001). To examine the 
ability of Vps33 to directly bind to Nyv1 or 
Ykt6, we prepared GST fusions to the full 
cytoplasmic domains of these R-SNAREs. 
Sec22, a Golgi R-SNARE, was used as nega-
tive control. Vps33 was retained on Ykt6 to a 
greater degree than the negative controls, 
though less efficiently than on Nyv1 (Figure 
2D). Purified Vps33 bound vacuolar SNARE 
complexes containing Nyv1 or Ykt6 with 
comparable efficiency.

To compare the relative affinities of Vps33 
for an individual SNARE domain or the qua-
ternary SNARE complex, we examined 
Vps33 binding to the SNARE domain of 
Vam3 or a minimal SNARE complex lacking 
the N-terminal domains of Vam3 and Vam7. 
Using a higher concentration of Vps33 
(5.0 µM in Figure 2E compared with 0.25 µM 
in Figure 2, A–C and F), we were readily able 
to detect binding of Vps33 to the minimal 
SNARE complex using Coomassie Blue–
stained polyacrylamide gels (Figure 2E). Less 
Vps33 was retained by the Vam3 SNARE do-
main compared with the minimal SNARE 
complex, consistent with the interaction be-
tween Vps33 and the Vam3 SNARE domain 
being of lower affinity (Figure 2E). By assay-
ing binding over a range of Vps33 concen-
trations, we estimated the dissociation con-
stant for Vps33 and the minimal SNARE 
complex as 2.8  0.2 µM (Figure 2F). This 

low micromolar apparent Kd falls between affinities reported for 
SNARE complex binding by Sec1 ( 0.3 µM) and Munc18 ( 6 µM; 
Togneri et al., 2006; Xu et al., 2010b). We were unable to measure 
an apparent dissociation constant for Vps33 and individual SNAREs 
due to the lower affinity of these interactions and instability of Vps33 
at higher concentrations. Despite their relatively lower affinity, the 
interactions between Vps33 and monomeric SNARE domains are 
selective (Figure 2, A, B, and D; see Figures S2 and S4 for additional 
examples), and it is plausible that interactions between Vps33 and 
individual SNAREs contribute to the SNARE assembly cycle in vivo 
(see Discussion).

Vps33 binding sites within Qa- and R-SNARE domains
SNARE domains share a conserved architecture, with repeating 
hydrophobic packing layers and a central “zero” layer comprising 
polar (Q) and ionic (R) residues (Fasshauer et al., 1998). Negative 
numbering denotes packing layers N-terminal to the zero layer, 
while positive numbers are ascribed to the C-terminal (membrane-
proximal) layers. Alignments of SNARE domains show substantial 

and Nyv1, and observed direct binding to these domains (Figure 
2B). We further tested whether Vps33 is responsible for the reported 
interaction between HOPS and the N-terminal PX domain of Vam7 
(Stroupe et al., 2006). Although purified Vps33 bound full-length 
Vam7 and Vam7 SNARE domain, Vps33 did not bind to the Vam7 PX 
domain (Figure S4). It was previously reported that Vps33 could bind 
the late endosomal Qa-SNARE Pep12 (Subramanian et al., 2004). 
While little of the HOPS in a wild-type cell lysate was retained on 
Pep12 when compared with Vam3, purified Vps33 was retained 
equally on Pep12-GST and Vam3-GST resins (Figure S3, A and B).

Direct SM binding to SNARE complexes has been reported for 
Sec1, Vps45, and metazoan Munc18 (Carpp et al., 2006; Togneri 
et al., 2006; Xu et al., 2010b). To ascertain whether Vps33 binds 
SNARE complexes, quaternary complexes containing the cytoplas-
mic domains of Vti1, Vam7, and Nyv1 were assembled on solid sup-
ports bearing the Vam3-GST. Importantly, Vps33 bound quaternary 
3Q:R-SNARE complexes, and was retained on SNARE complexes 
more efficiently than on any individual SNARE (Figure 2, A, D, and 
E; see Figures S2 and S4 for additional examples). To evaluate the 

FIGURE 1: HOPS has multiple interaction sites for Vam3. (A) Model of subunit interactions in 
HOPS of wild-type and vps16  cells. In vps16 , Vps33 is separated from the remainder of 
HOPS. (B) Binding of native HOPS to GST-tagged Vam3 cytoplasmic domains. Equivalent loads 
( 3.5 µM) of each C-terminally GST-tagged fusion protein (25–100 µg depending on the 
molecular weight) were incubated with glutathione sepharose (GSH) resin: Vam3 (residues 
1–264), Habc (residues 1–145), linker (residues 116–186), and SNARE (residues 182–264). GST 
and Sso1 (residues 1–265) were negative controls. Coomassie Blue–stained gel of the of GST 
fusion proteins shown in (D). Yeast detergent lysate was incubated with GST fusion proteins for 
2 h at 4°C, washed extensively, and eluted with 20 mM glutathione. Samples were analyzed by 
SDS–PAGE and Western blotting (WB) for Vps41, Vps11, and Vps33. (C) Size-exclusion 
chromatography shows that purified Vps33 migrates as expected for a monomer. Coomassie 
blue–stained SDS–PAGE of the pooled eluate. The faint band at 100 kDa is residual uncleaved 
GST-Vps33, which was removed prior to pull down by preincubating purified Vps33 with GSH 
resin for 1 h at 23°C. (D) 1 µg ( 25 nM) of purified Vps33 was incubated with Vam3 GST 
constructs, as in (B), and analyzed by SDS–PAGE and Western blotting for Vps33.
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conservation of packing layers 8 to +8, but 
for clarity we have used the layer-based 
numbering system for our truncations out-
side this region. To map the interaction of 
Vps33 with Vam3 (Qa), we assayed binding 
of purified Vps33 to truncated Vam3 SNARE 
domains. When truncating from the N-ter-
minal side of the Vam3 SNARE domain, 
Vps33 binding was lost upon truncation 
from layer 7 to layer 5 (Figure 3A). In the 
C-terminal truncation series (starting from 
the equivalent of layer +9), Vps33 binding 
decreased as the SNARE domain was trun-
cated from layer +5 to +3, and Vps33 bind-
ing was lost when Vam3 was truncated to 
layer 5. The determinants for Vps33 bind-
ing reside within Vam3 SNARE layers 7 to 
+5. While it is possible that truncations of 
the Vam3 SNARE domain alter the confor-
mation or presentation of the SNARE motif, 
like other Qa-SNARE domains, the Vam3 
SNARE domain is largely unstructured in so-
lution (Dulubova et al., 2001). Thus we de-
fine the outside boundaries of Vps33 bind-
ing site in Vam3 (i.e., the region bounded by 
layers 7 to +5) using only those truncation 
constructs that showed no loss of Vps33 
binding.

Munc18 interacts with the SNARE do-
main of the R-SNARE synaptobrevin at the 
C-terminal juxtamembrane region, making 
contacts within layers +8 to +9 (Xu et al., 
2010b). We asked whether truncation of the 
equivalent region of the vacuole R-SNARE 
Nyv1 would reduce Vps33 binding. Vps33 
binding decreased when Nyv1 was trun-
cated at its C-terminus to layer +9, and de-
creased further upon truncation from layer 
+7 to layer +5 (Figure 3B). We infer that resi-
dues required for Vps33 binding lie within 
the membrane-proximal region of the Nyv1 
SNARE domain.

Phenotypic analyses of Vps33 point 
mutations
To further investigate the role of Vps33 in 
vacuole maintenance and fusion, we con-
structed VPS33 alleles encoding missense 
mutations that alter conserved amino acids 
and that have been identified as causing 
phenotypic defects in Vps33 or other SM 
proteins (Dascher et al., 1991; Sevrioukov 
et al., 1999; Suzuki et al., 2003; Gissen et al., 
2004; Li et al., 2007; Hashizume et al., 2009). 
Evolutionary conservation of the targeted 
amino acid positions was verified using pub-
lished and in-house sequence alignments 
(Gissen et al., 2004; Pieren et al., 2010; Ta-
ble 1). Only an isoleucine residue mutated 
in a human patient with Hermansky-Pudlak 
syndrome falls at a position not identical to 
yeast Vps33. Instead of isoleucine, yeast 

FIGURE 2: Purified Vps33 binds Qa-, Qc-, and R-SNAREs, and vacuole SNARE complexes. 
(A) Pull down of purified Vps33 by cytoplasmic domains of vacuole SNAREs or quaternary 
vacuole SNARE complex. Equivalent loads of GST fusion proteins ( 1 µM) were bound to GSH 
resin. Vacuole SNARE complexes were formed using 29 µg ( 1 µM) purified Vam3-GST 
cytoplasmic and purified cytoplasmic domains of His7-MBP-Vti1, His6-Vam7, and His6-Nyv1. 
Purified Vps33 (10.5 µg, 0.25 µM) was incubated for 2 h at 30°C with GST fusion proteins, 
washed extensively, and eluted with 20 mM glutathione. Samples were separated by SDS–PAGE 
and analyzed by Western blotting for Vps33. (B) Pull down of purified Vps33 by SNARE 
domains. Eighteen micrograms ( 1 µM) of the SNARE domains of Vam3 (residues 182–264), 
Vam7 (residues 190–316), and Nyv1 (residues 162–231) fused N-terminally to GST were used to 
pull down purified Vps33. GST and the SNARE domain of Sed5 (residues 170–319) were used as 
negative controls. Cleavage products of the Nyv1 SNARE domain are indicated (*). Pull downs 
with 10.5 µg ( 0.25 µM) of purified Vps33 were performed as described in (A). (C) Comparison 
of purified Vps33 pull down by Golgi or vacuole SNARE complexes. Vacuole SNARE complexes 
were formed as previously described. His6 fusions to cytoplasmic domains of Bos1, Bet1, and 
Sec22 were used to form complexes with 22 µg (1 µM) GST-tagged Sed5 SNARE domain 
(residues 170–319). Ten and one-half micrograms ( 0.25 µM) of purified Vps33 was used in the 
pull downs as in (A). (D) Pull downs of purified Vps33 with GST fusions to cytoplasmic domains 
of Nyv1 and Ykt6. Sec22 and GST were used as negative controls. SNARE complexes were 
formed as described for 3Q:R-Nyv1. For 3Q:R-Ykt6 complexes, a 2.5-fold greater amount of 
Vam3-GST was used to compensate for decreased SNARE complex formation with Ykt6. Pull 
downs with 10.5 µg ( 0.25 µM) of purified Vps33 were performed as described in (A). (E) Pull 
down of 70 µg ( 5 µM) Vps33 by GST, 12.8 µg ( 2 µM) Vam3 SNARE domain (residues 182–264), 
or 2 µM minimal SNARE complex lacking the N-terminal domains of Vam3 and Vam7. (F) 
Binding curve for Vps33 to the minimal SNARE complex. A one-site binding model fit to data 
from three replicates results in an apparent Kd of 2.8  0.2 µM (mean  SEM; r2  0.98).
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clear why L75P has no effect in yeast despite the L30P mutation in 
human VPS33B causing multisystem disorders, although the L30P/
L75P mutation falls within a region of Vps33 that is less well con-
served. The amino acid mutated in the bf mouse is conserved in 
S. cerevisiae Vps33, but we observed no phenotypic defects from 
the analogous D300E mutation. We did observe phenotypic defects 
with a D300G mutation, indicating that the importance of this resi-
due, if not its precise sensitivity to mutation, is conserved between 
mouse VPS33A and yeast Vps33.

Defects in growth and cargo sorting. GFP-tagged Vps33 
mutants were expressed in a vps33  background from single-copy 
plasmids under the native VPS33 promoter. As some vps33 
mutants are temperature-sensitive for growth (Banta et al., 1990), 
we asked whether any of the 10 mutants produced similar sensitivity 
(Figure 4A). The vps33  mutant and two class C mutations, R281A 
and E653A, failed to grow at 37°C. Defects in vacuole biogenesis 
cause sensitivity to extracellular Zn2+, likely due to a failure to 
sequester metal ions within the vacuole (Subramanian et al., 2004). 
To test for more subtle defects in vacuole function, we stressed the 
cells by growing them in the presence of Zn2+ (Figure 4A). While 
the majority of Vps33 mutants had no growth defects at 37°C, 
several grew slowly or lost viability when grown at 37°C in the 
presence of 5 mM ZnCl2: the class A´ mutants D88K, I278N, 
D300G, and T553I (Figure 4A). This was not a universal effect of 
growth at 37°C in the presence of Zn2+, as strains containing wild-
type Vps33 or the class A Vps33 mutants L75P, D300E, or F305L 
grew normally. The class C mutants R281A and E653A lost viability 
when grown 30°C with Zn2+. The class B mutant and carnation 
analogue G297V had strong growth defects at 37°C, and at 30° or 
37°C in the presence of Zn2+ (Figure 4A).

Carboxypeptidase Y (CPY) traffics from the Golgi to the vacuole 
via endosomes, while alkaline phosphatase (ALP) traffics directly 
from the Golgi to the vacuole. As CPY and ALP take independent 
routes to the vacuole, it is possible to selectively impair one path-
way, while leaving the other unaltered (Bowers and Stevens, 2005). 

Vps33 has phenylalanine at the equivalent position (Suzuki et al., 
2003). In addition to the yeast Vps33 analogue of the mouse buff 
(bf) mutation, D300E, we also tested a glycine substitution at the 
same position (D300G).

Yeast vacuole morphology is classified as A (wild-type), B 
(partially fragmented), C (severely fragmented), D (enlarged), and E 
(accumulation of a novel compartment adjacent to the vacuole; 
Raymond et al., 1992). Loss of Vps33 causes vacuolar cargo missort-
ing, class C vacuole morphology, and a failure to grow at nonper-
missive temperature (37°C; Banta et al., 1990). Based on these 
parameters, the phenotypic defects of the 10 Vps33 point muta-
tions examined here ranged from no detected deficiency to the 
equivalent of a vps33 -null mutant. The results from growth, traf-
ficking, vacuole morphology, and Vps33-GFP localization assays are 
summarized in Table 2 and described below (Figures 4 and 5). 
Based on the results from these assays, the 10 mutants fall into four 
categories, referred to here as classes A, A´, B, and C.

Four of the 10 mutants had a novel collection of phenotypic de-
fects intermediate to class A and class B here referred to as class A´. 
While D88K, I278N, D300G, and T553I resembled the wild-type 
strain in growth at 30 and 37°C, these alleles showed slow or no 
growth at 37°C on media supplemented with 5 mM ZnCl2 (Figure 
4A). Yeast with a wild-type copy of Vps33 showed no defect when 
grown under the same conditions. Furthermore, class A´ mutants had 
identifiable defects in trafficking of both CPY and ALP (Figure 4B). 
Although the vacuole morphology of class A´ mutants appeared simi-
lar to the wild-type, Vps33-GFP localization was cytoplasmic, rather 
than punctate, in these mutants, as described below (Figure 5).

We saw no observable defects with three alleles associated with 
disease phenotypes in Vps33 orthologues: L75P, D300E, and F305L. 
Two of these encoded analogues of disease mutations in human 
VPS33B and VPS33A that cause ARC (arthrogryposis, renal dysfunc-
tion, and cholestasis) and HPS (Hermansky-Pudlak syndrome), re-
spectively. For F305L, the yeast Vps33 analogue of the HPS mutation 
I256L in human VPS33a, the lack of conservation suggests a ratio-
nale for the absence of defects in the yeast F305L mutant. It is less 

FIGURE 3: Mapping of Vps33-binding determinants on Vam3 and Nyv1 SNAREs. (A). Vam3 SNARE domain (residues 
182–264) was fused to GST at the Vam3 C-terminus for N-terminal truncations and the N-terminus for the C-terminal 
truncations. Eighteen micrograms ( 1 µM) of GST fusion protein was bound to GSH resin, incubated with 10.5 µg 
( 0.25 µM) of purified Vps33 for 2 h at 30°C, washed three times with SNARE Assay buffer, and eluted with 
SA buffer supplemented with 20 mM glutathione. Eluates were separated by SDS–PAGE and analyzed by Western 
blotting for Vps33. (B) Nyv1 (residues 1–231) cytoplasmic domain and the C-terminal truncation series were fused 
to GST at its N-terminus. Thirty micrograms ( 1 µM) of purified GST fusion protein was incubated with GSH resin. 
Ten and one-half micrograms ( 0.25 µM) of purified Vps33 was incubated with the GSH resin for 2 h at 30°C, washed 
three times with binding buffer, and eluted. Bound fractions and 2% of the load relative to the bound fractions were 
separated by SDS–PAGE and analyzed by Western blotting for Vps33.
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with a wild-type copy of VPS33 or class A mutations had normal 
levels of mature ALP and CPY. Partial accumulation of proALP and 
proCPY were noted in class A´ strains. Vps33-G297V, the sole class B 
mutant, had an intermediate cargo maturation phenotype: most of 
its ALP accumulated in the pro-form, but there was partial matura-
tion of CPY. Strains lacking a copy of Vps33 or carrying class C Vps33 
mutant alleles R281A or E653A failed to mature both CPY and ALP.

Defects in trafficking to the vacuole result in accumulation of proen-
zymes (p) relative to active mature (m) forms. For further character-
ization of the vps33 alleles, detergent lysates from cells grown at 
30°C were analyzed for Vps33 protein levels and defects in cargo 
transport (Figure 4B). While Vps33 levels were similar in each of the 
10 strains, ALP and CPY maturation defects varied greatly among 
the mutants (Figure 4B). Consistent with the growth data, strains 

Vps33  
mutant Growth at 30°C Growth at 37°C

Growth at 37°C  
+ 5 mM ZnCl2

Cargo missorting  
at 30°C

Vacuole morphology  
at 30°C

vps33 No No Severe C

WT None A

L75P No None A

D88K Detectable A´

I278N Slow Detectable A´

R281A No No Severe C

G297V No Moderate B

D300E None A

D300G No Detectable A´

F305L None A

T553I Slow Detectable A´

E653A No No Severe C

TABLE 2: Summary of phenotypic effects of Vps33 mutations on growth, vacuole morphology, and Vps33-GFP localization.

Vps33 
mutant

Species/SM family 
member

Homologue/
orthologue 
mutation Name Phenotype Reference

L75P Human/VPS33B L30P ARC syndrome Multisystem disorder affecting the kidneys, 
liver, nervous system, and platelet function

Gissen et al., 2004

D88K Yeast/VPS33 D88K Fusion defect Defect in content mixing and fusion Pieren et al., 2010

I278N Yeast/SEC1 I249N Sec1-36 Defects in growth and SNARE complex 
binding at restrictive temperature

Hashizume et al., 
2009

R281A Yeast/SEC1 R252A Sec1-78 No growth defect Hashizume et al., 
2009

G297V Fly/VPS33A G249V carnation Defects in endocytic trafficking and pigment 
granules

Sevrioukov et al., 
1999

D300E/G Mouse/VPS33A D251E buff Defects in melanosome morphology, hypo-
pigmentation, and a mild platelet-storage 
pool deficiency; as the mice age, worsening 
motor defects, loss of Purkinje cells, and 
reduction in size of the cerebellum

Suzuki et al., 2003; 
Chintala et al., 
2009

F305L Human/VPS33A I256L HPS syndrome Defects in the formation and maintenance 
of melanosomes, platelet-dense granules, 
and lysosomes result in albinism, bleeding 
disorder, and pulmonary fibrosis

Suzuki et al., 2003

T553I Yeast/SLY1 T531I Suppressor of 
Lethality of Ypt1

Suppressor of Lethality of Ypt1 Li et al., 2007

E653A Yeast/SEC1 E604A Sec1-50 Defects in growth and SNARE complex 
binding at restrictive temperature

Hashizume et al., 
2009

TABLE 1: Summary of Vps33 mutants used in this study.
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Class A´ Vps33 mutants show loss of in vivo binding to the 
HOPS complex. Despite their normal vacuole morphology, the 
four class A´ mutants (D88K, I278N, D300G, and T553I) had growth 
defects under stressful conditions (37°C and 5 mM ZnCl2), and 
impaired cargo trafficking under standard conditions (30°C). For 
further characterization of these mutants, Vps33-GFP alleles from 
different phenotypic classes (D88K, R281A, G297V, and D300G) 
were chromosomally integrated under the native VPS33 promoter 
in a protease-deficient pep4  background. Examination of the 
chromosomal integrants revealed defects identical to phenotypes 
from plasmid-borne vps33 alleles (Figure S5).

To test whether loss of Vps33-GFP punctae in the class A´ mu-
tants was due to altered Vps33 association with membranes, we 
performed subcellular fractionation. Lysates of spheroplasted cells 
were centrifuged at 13,000  g to obtain pellets (P13) highly en-
riched for vacuole membranes. The 13,000  g supernatants (S13) 
were then centrifuged at 100,000  g to yield a P100 fraction (en-
riched in endosomes, vesicles, and Golgi) and S100 cytosol. In wild-
type cells, HOPS sedimented predominantly with the vacuole-en-
riched P13 fraction, with a smaller amount remaining in the S100 
cytosol (Figure 6, A and B). In strains carrying the class A´ mutations 
D88K or D300G, however, most Vps33 shifted from the P13 to the 
S100 cytosol. Importantly, the other HOPS subunits remained in the 
vacuolar P13 (Figure 6, A and B). Together with microscopy, these 
subcellular fractionation experiments confirm that in the D88K and 
D300G class A´ mutants, Vps33—but not the remainder of HOPS—
shifts from mainly vacuolar to mainly cytosolic.

In previous studies, Vps33 stably associated with HOPS in coim-
munoprecipitations (Rieder and Emr, 1997; Seals et al., 2000). On the 
basis of the above data, we predicted that the Vps33 mutations D88K 
or D300G would abrogate the Vps33-HOPS interaction. Coimmuno-
precipitation from detergent lysates verified the stable association of 
wild-type Vps33 with HOPS (Figure 6C). In contrast, coimmunopre-
cipitation from lysates from D88K or D300G mutant cells revealed a 
loss of association between Vps33 and HOPS. These results suggest 
that the altered Vps33 localization in class A´ mutants results from 
reduced steady-state association of Vps33 with HOPS. Together with 
the growth and cargo-trafficking defects, the class A´ mutants under-
score the importance of proper steady-state recruitment of Vps33 to 
the vacuole and vacuole fusion machinery (see Discussion).

DISCUSSION
A central challenge in developing general models for SM protein 
function is to reconcile the apparently divergent modes of SNARE 
binding reported for the four SM subfamilies. In this study, we have 
shown that Vps33 interacts with SNAREs and SNARE complexes in 
a manner closely analogous to Sec1 (Togneri et al., 2006; Morgera 
et al., 2011). Specifically, Vps33 interacts with individual SNARE do-
mains and, with significantly greater affinity, quaternary SNARE 
complexes. Furthermore, we found that HOPS binds the Vam3 N-
terminal domain through an SM-independent mechanism that re-
quires Vps11 and Vps18 but not Vps33. This is in contrast to the SM 
proteins Sly1, Vps45, and Munc18, which have high-affinity interac-
tion sites for their cognate Qa-SNAREs. We also identified Vps33 
mutants that exhibit a collection of phenotypic defects referred to 
here as class A´, including the loss of vacuole-associated Vps33 and 
reduced steady-state Vps33-HOPS interactions.

Although isolated Vps33 can bind SNAREs and SNARE com-
plexes in vitro, recruitment of HOPS to membranes still occurs when 
Vps33 is absent. HOPS recruitment to docking junctions is enhanced 
by affinities of the HOPS complex for the Rab Ypt7 (Price et al., 2000; 
Brett et al., 2008; Plemel et al., 2011; Brocker et al., 2012), for specific 

Defects in vacuole morphology and Vps33-GFP localization. We 
next examined vacuole morphology and Vps33 localization in each 
of the mutants. The vacuole was visualized by pulse-chase labeling 
with the endocytic tracer FM4-64. In a strain carrying wild-type 
VPS33, vacuoles had normal (class A) morphology and Vps33-GFP 
accumulated in punctae adjacent to the vacuole, as expected 
(Figure 5; Wang et al., 2002; Jun et al., 2006). In accord with data 
from growth and trafficking assays, vacuole morphology and Vps33-
GFP localization in L75P, D300E, and F305L mutants were 
indistinguishable from wild-type Vps33. In strains lacking Vps33, 
extreme fragmentation of the vacuole (class C morphology) was 
observed (Banta et al., 1990). Strains carrying the R281A or E653A 
mutations, which phenocopied the vps33  null in growth and cargo 
maturation assays, had class C morphology and lacked clearly 
identifiable Vps33-GFP punctae. The G297V mutation had partially 
fragmented, or class B, vacuole morphology without clear Vps33-
GFP punctae. The class A´ mutants (D88K, I278N, D300G, and 
T553I) had normal, class A, vacuole morphology. Surprisingly, in 
these four class A´ strains, the fluorescent Vps33-GFP punctae 
observed in wild-type cells were absent. Instead, Vps33-GFP had a 
diffuse cytosolic localization.

FIGURE 4: Characterization of Vps33 point mutants. (A) Cultures 
grown overnight at 24°C were plated onto SC-URA, YPD, or YPD + 
5 mM ZnCl2 as 20-fold dilutions from 1.0 OD600  ml. Plates were 
incubated for 48 h and imaged. (B) Lysates were prepared from 
SEY6210 cells expressing VPS33WT-ttx-GFP and each of the mutant 
alleles. Cell lysates were separated by SDS–PAGE and analyzed by 
Western blotting.
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significance of these interactions is still un-
clear (Xu et al., 2010b; Morgera et al., 2011). 
One model consistent with this pattern of 
interactions is that the SM protein makes 
similar contacts with a subset of SNARE do-
mains when the SNAREs are unpaired or in 
the assembling SNARE complex bundle. 
The low affinities for individual SNAREs 
would be synergistic in the context of the 
SNARE complex, and these SNARE domain 
contacts could in turn provide a basis for the 
hypothesized activity of SM proteins toward 
the assembling trans-complex (Sudhof and 
Rothman, 2009; Carr and Rizo, 2010).

While nearly every SM protein has been 
reported to interact with individual SNARE 
domains, no clear pattern emerges as to 
which specific SNARE domains SM proteins 
contact. As some SM proteins must contact 
SNARE complexes with multiple Qa-, Qb-, 
Qc-, and R-SNARE compositions, it seems 
possible that a strict arrangement of SM-to-
SNARE domain contacts would not be con-
served, while the general feature of interac-
tion with at least two SNARE domains per 
SM would be maintained. A closely related 
question is whether SM proteins contribute 
to the specificity of fusion. We report here 
that Vps33 binds similarly to quaternary 
complexes with either of the physiologic R-
SNAREs (Nyv1 and Ykt6), and binds the 
SNARE domains of both endosomal and 

vacuole Qa-SNAREs (Vam3 and Pep12). In contrast, Vps33 shows 
high selectivity in binding to vacuole versus Golgi SNARE com-
plexes and in binding cognate versus noncognate individual 
SNAREs. This suggests, at least in principle, that SM proteins can 
contribute to the selectivity of membrane docking and fusion.

A recent study reported binding of Vps33 to 3Q and 3Q:R qua-
ternary SNARE complexes, but not individual SNAREs (Kramer and 
Ungermann, 2011). As we observed stronger binding of Vps33 to 
SNARE complexes than to individual SNAREs, it is possible that dif-
ferences in observed interactions reflect differences in experimental 
conditions. As 3Q complexes did not remain stably associated un-
der our assay conditions, we did not examine their binding to Vps33. 
We emphasize that interactions between Vps33 and quaternary 
3Q:R complexes were detected in both studies.

Our data suggest that compared with other SM proteins, Vps33 
behaves in a manner most similar to Sec1. Both proteins can interact 
with isolated SNAREs but have greatest affinity for the SNARE com-
plex. Moreover, both Vps33 and Sec1 interact with larger protein 
complexes (HOPS and exocyst), which in turn have additional affini-
ties for SNAREs. In both cases, multisubunit tethering complexes 
play an important role in recruitment of the cognate SM protein. We 
suggest that SM proteins fall into two classes based on a primary 
affinity for the Qa-SNARE or SNARE complex. Class I SM proteins 
(including Munc18, Vps45, and Sly1) have a high-affinity interaction 
site for the cognate Qa-SNARE and that cognate Qa-SNARE 
contains the N-peptide consensus sequence. Class I SM proteins 
can be further divided into those that bind the closed conformation 
of the Qa-SNARE (Munc18, Vps45) or do not (Sly1). Class II SM pro-
teins (including Sec1 and Vps33) do not directly bind the N-peptide 
and, in fact, their cognate Qa-SNAREs seem to lack the consensus 

lipids on the vacuole (Boeddinghaus et al., 2002; Fratti and Wickner, 
2007), and for the N-terminal domains of the Qa- and Qc-SNAREs, 
Vam3 and Vam7 (Sato et al., 2000; Stroupe et al., 2006). Taken 
together, the available data suggest a model in which HOPS coordi-
nates SNARE binding through its interactions with the N-terminal 
domains of the Qa- and Qc-SNAREs. This positions Vps33 to 
interact with the fusion-active SNARE domains of Qa-, Qc-, and 
R-SNAREs, and finally with the SNARE core complex (Figure 7).

Consistent with this emerging picture, we identified four class A´ 
mutations in Vps33 that result in a change in the localization of 
Vps33, but not the remainder of HOPS, from the vacuole to the cy-
toplasm. Strains carrying class A´ alleles have reduced viability and 
cargo-trafficking defects. It is tempting to speculate, given the loss 
of association between HOPS and Vps33 D88K or D300G, that the 
phenotypic defects of class A´ mutants are due to a loss of HOPS-
promoted recruitment of Vps33 to the vacuole. However, further 
characterization of these Vps33 alleles will be required to rule out 
the possibility that class A´ alleles have secondary defects that con-
tribute to the observed phenotypes.

As with the interactions between Vps33 and individual SNAREs 
reported here, each of the other SM subfamilies has been reported 
to interact with non–Qa-SNAREs and SNARE domains. Sly1 binds 
SNARE domains of Qb- (Bos1 and Gos1) and Qc-SNAREs (Bet1 and 
Sft1; Peng and Gallwitz, 2004). The yeast endosomal SM Vps45 
binds the SNARE domain of the R-SNARE Snc2 (Carpp et al., 2006). 
Munc18-1 binds the SNARE domains of the R-SNARE synaptobre-
vin and the Qa-SNARE syntaxin-1a (Xu et al., 2010b; Shi et al., 2011). 
Sec1 binds the Qb-c–SNARE Sec9 and the Qa-SNARE Sso1 (Morg-
era et al., 2011). As interactions between SM proteins and individual 
SNARE domains are typically weak (6–20 µM), the functional in vivo 

FIGURE 5: Vacuole morphology and Vps33-GFP localization. Strains were grown in minimal 
media to mid–log phase, and vacuoles were imaged by fluorescence microscopy after labeling 
with FM4-64.
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N-peptide sequence (Hu et al., 2007). In-
stead, Sec1 and Vps33 have primary affinity 
for the SNARE complex. Recently it was 
suggested that the N-peptide of syntaxin-1 
serves predominantly as a physical recruit-
ment site for Munc18-1 (Rathore et al., 
2010). In this model, class I SM proteins 
(Munc18, Vps45, and Sly1) are recruited 
through direct interactions with the N-pep-
tide. Recruitment of class II SM proteins 
(including Sec1 and Vps33) to unpaired 
SNAREs may be enhanced by tethering 
complexes, such as HOPS and exocyst. 
Despite the divergence in SM protein affin-
ity for cognate Qa-SNARE, all SM proteins 
studied to date have the ability to bind 
unpaired SNARE domains. Furthermore, 
Munc18 and Vps45 have been reported to 
interact with the SNARE complex bundle, 
suggesting that the primary SNARE-binding 
mode of Vps33 and Sec1—interaction with 
the SNARE complex bundle—is a shared 
feature of all SM proteins. This would sug-
gest a unifying model in which the executive 
functions of SM proteins in docking and 
fusion are broadly conserved.

MATERIALS AND METHODS
Strain and plasmid construction
Yeast strains and plasmids are summarized 
in Supplemental Table S1. Briefly, VPS33 
was deleted from SEY6210 BHY10 and 
BY4742 pep4 . Vectors for expressing 
Vps33 under its native promoter were 

FIGURE 6: Vps33 mutations cause loss of steady-state association with HOPS. (A) Subcellular 
fraction was performed using differential centrifugation with 150 OD600  ml. Spheroplasts 
were lysed and centrifuged to enrich for vacuoles (P13; 13,000  g pellet); vesicles, endosomes, 
and Golgi (P100; 100,000  g pellet); and cytoplasm (S100; 100,000  g supernatant). Fractions 
were separated by SDS–PAGE and analyzed by Western blotting for Vps33 (WB). (B) Subcellular 
fraction as in (A), with Western blotting for HOPS subunits Vps41 and Vps11 and fractionation 
markers Ypt7 (found in the P13) and an actin subunit (found primarily in the S100). 
(C) Coimmunoprecipitation of HOPS complex with Vps33-GFP. Yeast detergent lysates from 
strains carrying a wild-type copy of Vps33-GFP, or the indicated Vps33 mutant, were incubated 
with protein A resins covalently linked to an anti-GFP antibody. Input of the cell lysate is shown 
as 10% relative to eluate of the immunoprecipitation.
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FIGURE 7: Summary of interactions between Ypt7 Rab, HOPS, and SNAREs. Together with the published literature, our 
data suggest that several subunits of the HOPS complex coordinate binding of multiple SNARE domains. Vps33 directly 
binds the Qa-, Qc-, and R-SNARE domains, while the N-terminal Habc and PX domains of the Qa- and Qc-SNAREs are 
bound by other subunits within HOPS. Interactions of HOPS subunits Vps39 and Vps41 with the Rab Ypt7 have been 
demonstrated previously (Brett et al., 2008; Plemel et al., 2011).
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lysed by sonication in Storage buffer supplemented with 5 mM 
EDTA and protease inhibitors, and clarified lysate was snap-frozen in 
liquid nitrogen.

Pull downs
GST-SNARE proteins were bound to GSH 4B (GE Healthcare) by in-
cubating clarified lysate with the resin for 2 h at 4°C with rocking and 
were then washed extensively. For pull downs on SNARE complexes, 
a fivefold molar excess of purified Vti1, Vam7, and Nyv1 was incu-
bated with Vam3 prebound to GSH 4B for 16–22 h at 4°C with 
rocking. Golgi SNARE complexes were prepared in a similar man-
ner, with GST-Sed5 SNARE domain prebound to GSH 4B resin, and 
the purified cytoplasmic domains of the other three SNAREs incu-
bated at fivefold molar excess for 16–22 h at 4°C with rocking. In all 
cases, resins were washed extensively before pull down. Prior to pull 
down, purified Vps33 was incubated with GSH 4B resin for 1 h at 
23°C to remove residual uncleaved material. Pull downs with recom-
binant Vps33 were performed in SNARE Assay buffer (20 mM HEPES, 
200 mM NaCl, 5 mM 2-mercaptoethanol, 0.5% Triton, pH 7.4). Pull 
downs with yeast lysate were performed as previously described 
(Angers and Merz, 2009). Briefly, lysis was performed in Yeast Lysis 
buffer (20 mM HEPES, 50 mM KOAc, 200 mM sorbitol) supple-
mented with protease inhibitors. Detergent lysates from 450 OD600 
 ml of cells were incubated with resins prebound to GST fusion 

proteins for 2 h at 4°C, washed three times with Yeast Lysis buffer, 
and eluted by incubating the resins with Yeast Lysis buffer supple-
mented with 20 mM reduced glutathione (pH 7.4 final) for 10 min at 
4°C. Analysis was performed by SDS–PAGE and Western blotting. 
Antibodies were prepared as previously described (Angers and 
Merz, 2009). All pull downs were repeated a minimum of three 
times; representative results are shown.

Quantification of saturation binding
Minimal SNARE complexes were formed on GSH resin using the 
SNARE domain of Vam3-GST, the SNARE domain of Vam7 (His6-
GFP-Vam7), and the cytoplasmic domains of Vti1 (His7-MBP-Vti1) 
and Nyv1 (His6-Nyv1). Increasing concentrations of Vps33 
(0.1–10 µM) were incubated with minimal SNARE complex for 2 h at 
30°C in SNARE Assay buffer, washed three times, and eluted by in-
cubating the resins with SNARE Assay buffer supplemented 
with 20 mM reduced glutathione (pH 7.4 final) for 10 min at room 
temperature. Samples were separated by SDS–PAGE, detected with 
SYPRO-Ruby (Invitrogen, Carlsbad, CA), and imaged using a Gel 
Doc XR+ (Bio-Rad, Hercules, CA). The data from three experiments 
were plotted as fractional saturation of Vps33 binding to the mini-
mal SNARE complexes relative to the total concentration of Vps33 
in the reaction. Kd was estimated by nonlinear fitting of a single-site 
binding model to the data (Prism 5; GraphPad, La Jolla, CA).

Growth assays
Strains were grown 16–22 h at 24°C, and three dilutions were pre-
pared (1.0, 0.05, and 0.0025 OD600). Strains were plated on syn-
thetic complete media lacking uracil or yeast–peptone–dextrose 
(YPD) plates, with or without 5 mM ZnCl2, and grown for 48 h at the 
indicated temperature.

Protein sorting and vacuole morphology
Yeast strains were grown 16–22 h at 24°C, and back-diluted to 
0.2 OD600  ml. Yeast were then grown at 30°C to 0.8–1.0 OD600, 
and cell pellets were washed in 10 mM NaN3. Cell pellets were re-
suspended in SDS–PAGE sample buffer. Samples were boiled for 
15 min and then vortex-mixed with glass beads for 3 min. Samples 

PCR-amplified from VPS33-ttx-GFPA207K (ttx: TEV [tobacco etch vi-
rus] protease, thrombin, and factor X recognition sites) and incorpo-
rated by homologous recombination into pRS416 vector (Wang 
et al., 2002). Point mutations in VPS33 were introduced through ho-
mologous recombination, rescued, verified by sequencing, and 
transformed into SEY6210 BHY10 vps33 . For integration into 
BY4742 pep4 vps33 , wild-type and point mutants were PCR-
amplified from the pRS416 vectors and integrated into the chromo-
somal locus of VPS33. Bacterial expression plasmids are summa-
rized in Table S1. In brief, the GST-SNARE fusions were cloned 
in-frame with either an N- or C-terminal GST sequence separated by 
a short linker and TEV recognition site. GST-Vti1 was cloned as pre-
viously described (Stroupe et al., 2006). Full-length Vam7 was cloned 
as previously described (Schwartz and Merz, 2009). Bos1 was cloned 
as previously described (Stone et al., 1997). N-terminally His6-
tagged SNARE fusions were cloned into pHIS-parallel1 vector. Vam7 
SNARE domain was cloned into a pRSF-1b backbone in-frame with 
an N-terminal His6-GFP separated with a short linker and TEV recog-
nition site. Vti1 was cloned into the pRSF-1b vector with a N-termi-
nal His7-MBP (maltose-binding protein) tag separated with a short 
linker and TEV recognition site. Vps33 was cloned for expression in 
the insect cell baculovirus system as previously described (Brett 
et al., 2008).

Protein expression
Vps33. Insect cells expressing GST-Vps33 were lysed by sonication 
or high-pressure disruption in buffer A (50 mM HEPES, 400 mM 
NaCl, 10% [wt/vol] glycerol, 5 mM 2-mercaptoethanol, 5 mM 
EDTA, 0.5% Triton X-100, pH 7.4) with protease inhibitors, and 
clarified lysate was bound to glutathione sepharose 4B (GSH) 
resin for 2 h at 4°C. The resin was washed extensively, and the 
buffer was changed stepwise into IEX binding buffer (20 mM Tris, 
150 mM NaCl, 10% [wt/vol] glycerol, 5 mM 2-mercaptoethanol, 
pH 8.0). GST-Vps33 was eluted from GSH resin with 20 mM 
glutathione in IEX binding buffer and incubated with TEV protease 
at 4°C for 16–22 h. Cleaved Vps33 was further purified over UnoQ 
and Superdex200 columns, exchanged into Storage buffer 
(20 mM HEPES, 200 mM NaCl, 10% [wt/vol] glycerol, 5 mM 
2-mercaptoethanol), and snap-frozen in liquid nitrogen.

SNAREs. SNARE proteins were expressed in Escherichia coli that 
harbored a pRIL codon-bias correction plasmid. Cells were 
inoculated at 0.05 OD600, grown to 1.0–1.2 OD600 in Terrific Broth 
(TB; Tartof and Hobbs, 1987), and expression was induced with 100 
µM isopropyl -D-1-thiogalactopyranoside (IPTG) for overnight 
expression at 21°C (His6-Nyv1 and His7-MBP-Vti1, GST-Vam3SNARE 
domain and truncations, GST-Nyv1SNARE domain and truncations, 
His6-Bos1, His6-Bet1, His6-Sec22), 500 µM IPTG for 4–5 h at 30°C 
(His6-GFP-Vam7 SNARE), or 1 mM IPTG for 3 h at 37°C (Vam3-GST). 
Full-length Vam7 was expressed and purified as previously described 
(Schwartz and Merz, 2009). Cells expressing His-tagged SNAREs 
were lysed by sonication in Buffer A without EDTA and supplemented 
with 20 mM imidazole and protease inhibitors. Clarified lysates were 
prepared by centrifugation at 18,500  g for 25 min at 4°C and 
incubated with Ni-NTA HP resin (GE Healthcare, Piscataway, NJ) for 
10 min at 4°C. The bound material was washed extensively, and His-
tagged SNAREs were eluted with Storage buffer (20 mM HEPES, 
200 mM NaCl, 10% [wt/vol] glycerol, 5 mM 2-mercaptoethanol, pH 
7.4) supplemented with 400 mM imidazole (pH 7.4). His-tagged 
SNAREs were buffer-exchanged into Storage buffer without 
imidazole using PD-10 desalting columns (GE Healthcare) and snap-
frozen in liquid nitrogen. Cells expressing GST-tagged SNAREs were 
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were subjected to SDS–PAGE, and Western blotting were per-
formed as previously described (Plemel et al., 2011). Vacuoles were 
imaged by FM4-64 (Invitrogen) pulse-chase as previously described 
(Plemel et al., 2011).

Subcellular fractionation
Yeast strains were grown at 30°C to 1.0 OD600. Cells were centri-
fuged and washed for 10 min at room temperature with 100 mM 
Tris-Cl (pH 9.4) and 10 mM 2-mercaptoethanol. Cells were centri-
fuged and resuspended in Spheroplasting buffer (50 mM Tris-Cl, 
pH 7.9, 8% YPD, 1M sorbitol) with Zymolyase 20T (Seikagaku, To-
kyo, Japan); the Zymolyase was further purified by cation-exchange 
chromatography prior to use. Cells were spheroplasted for 25 min at 
30°C, harvested by sedimentation, and resuspended in SF/IP buffer 
(20 mM HEPES, 200 mM sorbitol, 100 mM NaCl, pH 7.4) supple-
mented with protease inhibitors. Spheroplasts were lysed by Dounce 
homogenization and clarified by centrifugation at 1000  g. Lysates 
were subsequently centrifuged at 13,000  g for 15 min to obtain 
pellet (P13) and supernatant (S13) fractions. The S13 fraction was 
centrifuged for 45 min at 100,000  g to obtain pellet (P100) and 
cytosol (S100) fractions. Samples were incubated with SDS-loading 
buffer for 7 min at 95°C and analyzed by SDS–PAGE and Western 
blotting. Subcellular fractionations were repeated a minimum of 
three times, and representative Western blots are reported.

Immunoprecipitation
Cells were grown and spheroplasted as described for subcellular 
fractionation. The S1 fraction was incubated with 0.5% Triton X-100, 
on ice, for 10 min and clarified by centrifugation at 20,000  g for 
15 min. Next, 450 OD600  ml of lysate was incubated for 2 h at 4°C 
with protein A-Sepharose resin (Pierce, Rockford, IL) covalently cou-
pled to affinity-purified rabbit polyclonal GFP antiserum. Resins 
were washed five times in SF/IP buffer and eluted by incubating the 
resin with SDS-loading buffer for 7 min at 95°C. Immunoprecipita-
tions were repeated a minimum of three times, and representative 
Western blots are shown.
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Table I.  Strains and plasmids used in this study 

Name  Genotype      Reference/source 

S .  c e r ev i s iae  

SEY6210 MATa leu2-3,112 ura3-52 his3-200 trp1-901    (Robinson et al., 1988) 

   lys2-801 suc2-9        

BHY10  SEY6210 CPY-Invertase::LEU2 (pBHY11)   (Horazdovsky et al., 1994) 

BY4742  MATa his3!1 leu2!0 lys2!0 ura3!0    ATCC 

BY4742 vps11! BY4742; vps11!::KAN     Invitrogen 

BY4742 vps16! BY4742; vps16!::KAN     Invitrogen 

BY4742 vps18! BY4742; vps18!::KAN     Invitrogen 

AMY1275 BY4742; vps33!::KAN     This work 

BY4742 vps39! BY4742; vps39!::KAN     Invitrogen 

BY4742 vps41! BY4742; vps41!::KAN     Invitrogen 

BLY1  BHY10 vps33!::KAN     This work 

BY4742 pep4! BY4742 pep4!::neo      (Collins et al, 2007) 

BLY2  BY4742 pep4!::neo  vps33!::KAN    This work 

BLY3  BHY10 VPS33-ttx-GFPA207K::NAT    This work 

BLY4  BHY10 vps33D88K-ttx-GFPA207K::NAT    This work 

BLY5  BHY10 vps33R281A-ttx-GFPA207K::NAT   This work 

BLY6  BHY10 vps33G297V-ttx-GFPA207K::NAT   This work 

BLY7  BHY10 vps33D300G-ttx-GFPA207K::NAT   This work 

 

Yeast  Express ion Plasmids  

pRS416  URA3 CEN/ARSH4 AmpR    (Sikorski & Hieter, 1989) 

pBL1  pRS416 VPS33pr::VPS33-ttx-GFPA207K   This work 

pBL2  pRS416 VPS33pr::vps33L75P-ttx-GFPA207K   This work 

pBL3  pRS416 VPS33pr::vps33D88K-ttx-GFPA207K   This work 

pBL4  pRS416 VPS33pr::vps33I278N-ttx-GFPA207K   This work 

pBL5  pRS416 VPS33pr::vps33R281A-ttx-GFPA207K   This work 

pBL6  pRS416 VPS33pr::vps33G297V-ttx-GFPA207K   This work 

pBL7  pRS416 VPS33pr::vps33D300G-ttx-GFPA207K   This work 

pBL8  pRS416 VPS33pr::vps33D300E-ttx-GFPA207K   This work 



pBL9  pRS416 VPS33pr::vps33F305L-ttx-GFPA207K   This work 

pBL10  pRS416 VPS33pr::vps33T553I-ttx-GFPA207K   This work 

pBL11  pRS416 VPS33pr::vps33E653A-ttx-GFPA207K   This work 

 

Bac t e r ia l  Express ion Plasmids  

pHIS parallel1 pET22B- ampR GST-(tev)-     (Sheffield et al., 1999) 

pGST parallel1 pGEX4T1- ampR GST-(tev)-     (Sheffield et al., 1999) 

pRP1  pRSF- kanR His7-MBP-(tev)-     This work 

pBL12  pRSF- kanR His6-GFPA207K-(tev)-    This work 

pBL12  pRSF- kanR -(tev)-GST     This work 

pBL13  pBL12- kanR SSO1(1-265)-(tev)-GST    This work 

pBL14  pBL12- kanR VAM3 (1-264)-(tev)-GST   This work 

pBL15  pBL12- kanR VAM3Habc (1-145)-(tev)-GST   This work 

pBL16  pBL12- kanR VAM3Linker (116-186)-(tev)-GST   This work 

pBL17  pBL12- kanR VAM3SNARE (182-264)-(tev)-GST   This work 

-  pGST parallel1- amrR GST-Vti1 (1-194)   (Stroupe et al., 2006) 

AMB73  pGEX-KET- ampR GST-VAM7 (2-316)   (Merz et al., 2004) 

AMB74  pGEX-KET- ampR GST-VAM7PX (2-123)   (Merz et al., 2004) 

pBL18  pGST paralle1- ampR GST-(tev)-NYV1 (1-231)   This work 

pBL19  pRP1- kanR His7-MBP-(tev)-VTI1 (1-194)   This work 

AMB225  pTYB3- ampR His6-Vam7 (1-316)    (Schwartz et al., 2009) 

pBL20  pHIS paralle1- ampR His6-(tev)-NYV1 (1-231)   This work 

pBL21  pHIS paralle1- ampR His6-(tev)-NYV15! (1-211)   This work 

pBL22  pBL12- kanR His6-GFPA207K-(tev)-Vam7 (190-316)  This work 

pBL23  pGST paralle1- ampR GST-(tev)-Vam7SNARE (190-316)  This work 

pBL24  pGST paralle1- ampR GST-(tev)-NYV1SNARE (162-231)  This work 

pBL25  pGST paralle1- ampR GST-(tev)-SED5SNARE (170-319)  This work 

pBL26  pHIS paralle1- ampR His6-(tev)-BOS1 (1-222)   This work 



pBL27  pHIS paralle1- ampR His6-(tev)-SE22 (1-188)   This work 

pSN358  pET14b- ampR His6-BET1 (1-123)    (Stone et al., 1997) 

pBL28  pGST paralle1- ampR GST-(tev)-YKT6 (1-195)   This work 

pBL29  pGST paralle1- ampR GST-(tev)-SE22 (1-188)   This work 

pBL30  pHIS paralle1- ampR His6-(tev)-YKT6 (1-195)   This work 

pBL31  pBL17- kanR VAM3SNARE(-9!) (192-264)-(tev)-GST  This work 

pBL32  pBL17- kanR VAM3SNARE(-7!) (199-264)-(tev)-GST  This work 

pBL33  pBL17- kanR VAM3SNARE(-5!) (206-264)-(tev)-GST  This work 

pBL34  pBL17- kanR VAM3SNARE(-3!) (213-264)-(tev)-GST  This work 

pBL35  pBL17- kanR VAM3SNARE(-1!) (220-264)-(tev)-GST  This work 

pBL36  pBL17- kanR VAM3SNARE(+1!) (227-264)-(tev)-GST  This work 

pBL37  pBL17- kanR VAM3SNARE(+3!) (234-264)-(tev)-GST  This work 

pBL38  pBL17- kanR VAM3SNARE(+5!) (241-264)-(tev)-GST  This work 

pBL39  pBL17- kanR SSO1SNARE (184-265)-(tev)-GST   This work 

pBL40  pGST paralle1- ampR GST-(tev)- VAM3SNARE (182-264)  This work 

pBL41  pBL40- ampR GST-(tev)- VAM3SNARE(+9!)  (182-257)  This work 

pBL42  pBL40- ampR GST-(tev)- VAM3SNARE(+7!)  (182-250)  This work 

pBL43  pBL40- ampR GST-(tev)- VAM3SNARE(+5!)  (182-243)  This work 

pBL44  pBL40- ampR GST-(tev)- VAM3SNARE(+3!)  (182-236)  This work 

pBL43  pBL40- ampR GST-(tev)- VAM3SNARE(-1!)  (182-222)  This work 

pBL43  pBL40- ampR GST-(tev)- VAM3SNARE(-5!)  (182-208)  This work 

pBL44  pBL18- ampR GST-(tev)-NYV1(+9!)  (1-225)   This work 

pBL45  pBL18- ampR GST-(tev)-NYV1+7!)  (1-218)   This work 

pBL46  pBL18- ampR GST-(tev)-NYV1(+5!)  (1-211)   This work 

pBL47  pBL18- ampR GST-(tev)-NYV1(+5!)  (1-211)   This work 

pBL47  pBL12- kanR PEP12 (1-268)-(tev)-GST   This work 

pBL48  pBL12- kanR SED5 (1-319)-(tev)-GST    This work 



Figure S1. Vps11 and Vps18 required for interaction between HOPS and the Vam3-Habc. 
As in Figure 1B, the cytoplasmic domain of Vam3 (1-264), Habc domain (1-145), linker 
domain (116-186), and SNARE domain (182-264) were expressed as C-terminal GST 
fusions. GST and the exoctyic Qa SNARE, Sso1-GST (1-265), were negative controls. 
Coomassie stained gel of the of GST-fusions proteins shown. ~450 OD600 nm  mL of 
yeast detergent lysate were incubated with resins for 2 h at 4
binding buffer, eluted, and samples were analyzed by SDS-PAGE and western blot (WB) 
for Vps11 or Vps18 and Vps33. 
 
Figure S2.  Vps33 binds vacuole Qa, Qc, and R SNAREs and the quaternary SNARE 
complex. As in Figure 2A, the C-terminal GST fusions were made to the cytoplasmic 
domains of Vam3, Vti1, Vam7, and Nyv1. SNARE complexes were formed of 

each GST- 25 
at 30
supplemented with 10mM reduced glutathione, pH 7.4. Samples were analyzed by SDS-
PAGE and western blot for Vps33.  
 
Figure S3.  Vps33 binds Pep12. (A) For pulldowns on Vam3 or Pep12, the cytoplasmic 
domain of Vam3 (1-264) or Pep12 (1-268) were expressed as C-terminal GST fusions. 
GST and the exoctyic Qa SNARE, Sso1-GST (1-265), were negative controls. Coomassie 
stained gel of the of GST-fusions proteins shown. ~450 OD600 nm  mL of yeast detergent 
lysate were incubated with resins for 2 h at 4
eluted, and samples were analyzed by SDS-PAGE and western blot (WB) for Vps41, 
Vps11 and Vps33. (B) The cytoplasmic domains of the Vam3 and Pep12 were fused to 
GST.  C-terminal GST-fusions of Sed5 (1-319), Sso1 (1-265), and GST were used as 

-bound to GST-fusion 
proteins for 2 h at 4  eluted and 
analyzed by SDS-PAGE and western blot for Vps33. 
Figure S4.  Vps33 binds Vam7 through its SNARE domain. GST-fusions to the Vam7 
cytoplasmic domain, Vam7PX, Vam7SNARE, and the vacuole SNARE complex were used 
to pulldown purified Vps33. Sec22 and GST were used as negative controls. SNARE 
complexes were formed using purified Vam3-GST (1-264) bound to GSH resin and 
incubated overnight at 4 -fold excess of purified His7-MBP-Vti1 (1-194), 
His6-GFP-Vam7 SNARE (190-316), and His6-Nyv1 (1-2
incubated for 2 h at 30
were separated by SDS-PAGE and analyzed by western blot for Vps33. 
 
Figure S5.  Characterization of chromosomal integrations of Vps33 point mutations.   
(A) Cultures grown overnight at 24  C were plated onto SC-URA, YPD, or YPD+5mM 
ZnCl2 as 20-fold dilutions from 1.0 OD600 nm  mL.  Plates were incubated for 48 h and 
imaged.  (B) Strains were grown in minimal media to late mid-log phase, and vacuoles 
were imaged by fluorescence microscopy after labeling with FM4-64.  
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