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Introduction

Members of the VPS13 gene family are conserved in all king-
doms of the Eukaryota and encode high molecular weight 
(3,000 to >4,000 amino acids) proteins that contain conserved 
domains, including N- and C-terminal domains and a domain of 
unknown function (Duf1162), that are not found in other pro-
teins (Brickner and Fuller, 1997; Velayos-Baeza et al., 2004). 
Humans contain four full-length homologues, VPS13A, B, C, 
and D (Velayos-Baeza et al., 2004). A novel syntaxin 6–inter-
acting protein, SHIP164, shares significant homology in the 
N-terminal domain with Vps13p (Otto et al., 2010). Atg2 pro-
teins, essential for initiation of autophagy in eukaryotes, are re-
ported to have both N- and C-terminal homology with Vps13 
proteins based on a BLA​ST search–based CLA​NS cluster anal-
ysis (Pfisterer et al., 2014).

VPS13A is the locus for the autosomal recessive Hun-
tington’s-like neurodegenerative disease chorea acanthocytosis 
(Danek and Walker, 2005). Chorea acanthocytosis patients ex-
hibit a movement disorder caused by loss of striatal neurons 

of the basal ganglia beginning typically in the third decade of 
life and progressing over 10–15 yr to death. Patients also ex-
hibit elevated levels of aberrant red blood cells, termed acan-
thocytes, a property shared with two other Huntington’s-like 
diseases, McCleod’s syndrome and Huntington’s disease–like-
2. VPS13B is the locus for the autosomal recessive, craniofacial/
neurodevelopmental disease, Cohen syndrome, a serious but 
nonprogressive disorder (Balikova et al., 2009). Genome-level 
genetic screens have implicated VPS13C as a factor in late- 
onset Alzheimer’s disease and type II diabetes (Strawbridge et 
al., 2011; Meda et al., 2012). More recently, autosomal reces-
sive loss-of-function mutations in VPS13C have been shown 
to result in a Parkinson's-like syndrome (Lesage et al., 2016). 
Thus, although all three proteins are widely expressed, muta-
tions appear to result in distinctive phenotypes, suggesting the 
evolution of divergent, but perhaps related, functions.

Budding yeast VPS13 was first identified as VPT2 through 
a selection for mutants defective in sorting of carboxypepti-
dase Y (CPY) to the vacuole (Bankaitis et al., 1986). Loss-of-
function alleles of VPS13, termed soi1 mutations, were also 
identified in a screen for suppressors of a mutation in the late 
endosome/prevacuolar compartment (PVC)–to-Golgi retrieval 
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signal TLS1 in the Kex2p cytosolic tail (C-tail; Redding et al., 
1996; Brickner and Fuller, 1997). However, these vps13 muta-
tions also blocked retrieval of the vacuolar protein sorting re-
ceptor Vps10p and the transmembrane peptidases Kex2p and 
Ste13p from the PVC to the Golgi (Brickner and Fuller, 1997). 
These observations presented a dilemma in that loss of a fac-
tor required for PVC-to-Golgi retrieval suppressed mutation of 
a signal also required for retrieval. This puzzling observation 
was resolved when it was found that vps13 mutations potentiate 
the function of a second TGN localization signal, TLS2, in the 
Kex2p C-tail that delays delivery of Kex2p from the TGN to the 
PVC, although the mechanism for this suppression remained 
unknown (Brickner and Fuller, 1997).

Loss of function of VPS13 also results in a severe sporula-
tion defect that was used to clone the gene by complementation 
(Brickner and Fuller, 1997). More recently, it was found that 
vps13 mutants are defective for prospore membrane closure and 
exhibit altered regulation of phosphatidyl inositol-4-phosphate 
(PI(4)P) and phosphatidyl inositol-4,5-bisphosphate ((PI(4,5)
P2)) on the prospore membrane (Park and Neiman, 2012). 
Vps13p is a 3,144-aa (358-kD) peripheral membrane protein 
that is found in a soluble, slowly sedimenting pool; a membrane- 
associated pool; and a rapidly sedimenting, detergent-resistant 
pool (Brickner and Fuller, 1997). Proteomic analysis identified 
yeast centrin, Cdc31p, as a potential Vps13p-interacting pro-
tein (Kilmartin, 2003). Using a well-characterized cell-free 
assays for Gga2p/clathrin-dependent transport from the TGN 
to the PVC (Blanchette et al., 2004; Abazeed et al., 2005; 
Abazeed and Fuller, 2008; De et al., 2013) and for TGN ho-
motypic fusion (Brickner et al., 2001), we now show that a pu-
rified Vps13p–Cdc31p complex is required directly for both of 
these processes. Purified Vps13p binds to yeast membranes in 
an ATP-stimulated fashion and exhibits strong, specific inter-
actions with phosphatidic acid (PA), PI(4,5)P2, and PI(4)P that 
can in part be attributed to binding specific binding sites within 
the conserved N- and C-terminal domains. Electron micro-
scopic 3D reconstructions of purified monomeric protein reveal 
that Vps13p assumes an unusual architecture consisting of an 
elongated “handle” connected to a circular “loop” region.

 Results

vps13Δ mutant extracts are defective for 
both TGN–PVC transport and TGN 
homotypic fusion
To determine whether Vps13p is required directly for TGN–PVC 
transport, cell-free TGN–PVC transport reactions (Fig.  1  A) 
were performed with medium-speed supernatant (MSS) from 
semi-intact cells containing donor (TGN) or acceptor (PVC) 
membranes from VPS13+ and vps13Δ cells. Donor membranes 
contained either wild-type (WT) Kex2p or a chimera, K-V, in 
which the Vps10p C-tail replaces that of Kex2p (Abazeed and 
Fuller, 2008). Acceptor PVC membranes contained the PSHA 
(Pep12-Ste13-αF-3xHA chimera) reporter (Blanchette et al., 
2004). Delivery of Kex2 activity (K-V or Kex2p) from donor 
membranes to acceptor membranes results in cleavage of the 
reporter protein, PSHA, which is monitored by measuring 
the fraction of DPAPase activity remaining in the supernatant 
after immunoprecipitation (“fraction of PSHA processed”; 
Fig. 1 A). As seen previously (Abazeed and Fuller, 2008), on 
incubating VPS13+ donor and acceptor MSS with K-V in the 

donor membranes, the reaction proceeds after a lag of ∼7.5 min 
(Fig. 1 B, black triangles). With Kex2p in the donor membranes, 
the reaction exhibits slightly different kinetics (Fig. S1 A, black 
triangles) caused by the presence of an early, Gga2-independent 
phase (Abazeed and Fuller, 2008; see Materials and methods 
for further explanation of the differences in assays with Kex2p 
and K-V donor membranes). With vps13Δ donor and acceptor 
MSS, no cleavage of PSHA occurred upon incubation for 20 
min with either K-V or Kex2p in the donor membranes (Figs. 
1 B and S1 A, blue circles). Likewise, with VPS13+ donor con-
taining K-V and vps13Δ acceptor, no net cleavage of PSHA was 
seen during the 20-min incubation (Fig.  1  B, green squares). 
With VPS13+ donor containing Kex2p and vps13Δ acceptor, 
a slight increase was seen in the first 7.5 min, suggesting that 
the early Gga-independent phase is Vps13p independent (Fig. 
S1 A, green squares). In contrast, when donor MSS (K-V or 
Kex2p) was from vps13Δ cells and acceptor MSS was from 
VPS13+ cells, a significant increase in PSHA cleavage was seen 
over the entire 20-min time course (Figs. 1 B and S1 A, red 
diamonds). These results indicate that direct, Gga-dependent 
TGN–PVC transport is completely defective when both donor 
and acceptor MSSs lack Vps13p or when acceptor membranes 
alone lack Vps13p. However, a partial reaction can occur when 
acceptor membranes contained Vps13p, indicating a crucial 
role for Vps13p at the PVC in TGN–PVC transport.

The requirement for Vps13p in TGN homotypic fusion 
was also tested using a cell-free assay (Brickner et al., 2001). In 
this assay, the SHA (Ste13-αF-3xHA chimera) reporter is local-
ized to the TGN by determinants in the Ste13p C-tail (Fig. 1 C). 
In control reactions (VPS13+ donor and acceptor), efficient pro-
cessing of SHA proceeded linearly, without a lag, for 20 min 
with both K-V–containing and Kex2p-containing MSS (Figs. 
1 D and S1 B, black triangles). Lack of Vps13p in both donor 
and acceptor membranes resulted in complete absence of TGN 
homotypic fusion (Figs. 1 D and S1 B, blue circles). In contrast 
to the results with the TGN-PVC reaction, lack of Vps13p in 
either donor or acceptor membranes alone also resulted in com-
plete absence of a reaction (Figs. 1 D and S1 B, red diamonds 
and green squares). These results suggest that Vps13p must be 
associated with both donor and acceptor TGN membranes for 
TGN homotypic fusion to occur.

Addition of a source of WT Vps13p 
restores TGN–PVC transport to  
reactions using vps13Δ MSS
PSHA processing was restored when TGN–PVC reactions 
performed with donor and acceptor MSS from vps13Δ cells 
were supplemented with MSS from VPS13+ cells, but not in 
controls supplemented with buffer or MSS from vps13Δ cells 
(compare columns 2 and 4 to 1 and 3 in Fig. S2, A and B). 
MSS from cells overexpressing 3xHA-tagged Vps13p from 
the ADH1 promoter exhibited greater stimulation than MSS 
from VPS13+ cells (compare column 5 to columns 2 and 4 in 
Fig. S2, A and B). MSS from cells expressing C-terminally 
tandem affinity purification (TAP)–tagged Vps13p also com-
plemented reactions conducted using MSS from vps13Δ cells, 
but complementation was lost if the Vps13-TAP MSS was 
first affinity-depleted using IgG Sepharose (columns 6 and 
7 in Fig. S2, A and B). When samples from differential cen-
trifugation of MSS from cells expressing C-terminally TAP-
tagged Vps13p were examined by SDS-PAGE and Western 
blotting with anti-TAP tag antibody, a band consistent with the 
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expected size for Vps13-TAP (∼380 kD = 358 kD (Vps13p) 
+ 21 kD (TAP tag)) was detected (Fig. S2 C). After centrifu-
gation at 200,000 g, 80% of the Vps13-TAP pelleted and 20% 
was in the soluble (supernatant) phase.

Purified, TAP-tagged Vps13p restores 
activity to TGN–PVC transport and TGN 
homotypic fusion reactions containing MSS 
from vps13Δ cells
C-terminally tagged Vps13p was purified from yeast expressing 
TAP-tagged Vps13p under the control of the ADH1 promoter as 
described in Materials and methods. Purified protein character-
ized by SDS-PAGE followed by silver staining (Fig. 2 A), West-
ern blotting using an anti-TAP tag antibody that recognizes the 
calmodulin-binding peptide left after tobacco etch virus (TEV) 
protease cleavage (Fig. 2 B) and Coomassie staining (Fig. 2 C) 
migrated at a position consistent with the expected Mr of 358 
kD. Purified Vps13p restored activity to both TGN–PVC trans-
port reactions and TGN homotypic fusion reactions conducted 
using donor and acceptor MSS from vps13Δ cells (Fig. 2, D and 
E). Titration of the purified protein resulted in saturation curves 
for both reactions. The time course of the TGN–PVC transport 

reaction reconstituted using a saturating amount of purified 
Vps13p combined with donor and acceptor MSS from vps13Δ 
cells exhibited the same pattern seen with reactions conducted 
using MSS from VPS13+ cells, with PSHA cleavage observed 
following a lag of 7.5 min (Fig. 2 F). Similarly, the time course 
of TGN homotypic fusion reconstituted using purified Vps13p 
combined with donor and acceptor MSS from vps13Δ cells pro-
ceeded without a lag, just like reactions conducted using MSS 
from VPS13+ cells (Fig. 2 G). By these criteria, purified, solu-
ble Vps13p can reconstitute authentic TGN–PVC transport and 
TGN homotypic fusion by in vitro complementation, demon-
strating that Vps13p acts directly in both reactions.

Single-particle EM analysis of Vps13p
To gain insights into the architecture of Vps13p, we visualized 
the purified protein by negative-stain EM and single-particle 
analysis. 2D class averages of Vps13p revealed an elongated 
rod-like density with a characteristic large loop structure on 
one end and a hook-like density on the opposite end (Fig. 3, 
A and B). The rod portion of the protein can be observed in 
straight or bent configurations stemming from a flexible portion 
in its middle. Comparison of the relative configuration of the 

Figure 1.  MSS from vps13Δ cells is inactive for TGN–PVC transport and TGN homotypic fusion. (A) Diagram of the cell-free TGN–PVC transport reaction. 
(B) TGN–PVC transport reactions using K-V donor MSS and PSHA acceptor MSS from VPS13+ and vps13Δ strains. Black triangles, VPS13+ donor and ac-
ceptor; blue circles, vps13Δ donor and acceptor; green squares, VPS13+ donor and vps13Δ acceptor; red diamonds, vps13Δ donor and VPS13+ acceptor. 
(C) Diagram of the cell-free TGN-homotypic fusion reaction. (D) TGN homotypic fusion reactions using K-V donor MSS and SHA acceptor MSS from VPS13+ 
and vps13Δ strains. Black triangles, VPS13+ donor and acceptor; blue circles, vps13Δ donor and acceptor; green squares, VPS13+ donor and vps13Δ 
acceptor; red diamonds, vps13Δ donor and VPS13+ acceptor. 
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diametrically opposite loop and hook regions in several class 
averages indicates that the middle of the rod may in fact un-
dergo large-scale rotations. These observations were confirmed 
by low-resolution 3D reconstructions of distinct classes repre-
senting straight or bend protein configurations. The rod portion 
measured ∼4 × 20 nm, whereas the loop structure had an in-
ternal diameter of ∼6 nm.

Purified Vps13p is recruited to membranes 
in an ATP-stimulated fashion and exhibits 
specific binding to PA and phosphorylated 
forms of PI
Active Vps13p was purified as a soluble protein but is likely 
to associate with membranes to function in TGN–PVC trans-
port and TGN homotypic fusion. To determine whether purified 

Vps13p became associated with membranes under reaction con-
ditions, reactions conducted using K-V donor MSS and PSHA 
acceptor MSS containing purified Vps13p were fractionated 
using velocity sedimentation (Fig.  4  A). When the reactions 
were conducted in the absence of the ATP-regenerating system, 
55 ± 3% of added Vps13p pelleted with membranes (Fig.  4, 
compare supernatant [lane 2] with pellet [lane 3]). When the re-
actions contained the ATP regenerating system, 90 ± 5% of the 
added Vps13p pelleted with membranes (Fig. 4, compare super-
natant [lane 5] with pellet [lane 6]). These results suggested that 
binding of Vps13p to membranes involved energy-dependent 
and energy-independent components.

One possible mode of energy-independent membrane 
association would be binding to phospholipids. Binding of 
purified Vps13p to phospholipids was first examined using 

Figure 2.  Addition of purified Vps13p rescues cell-free TGN–PVC transport and TGN homotypic fusion reactions performed with vps13Δ extracts.  
Silver-stained SDS-PAGE (A) and anti-TAP immunoblot (B) after SDS-PAGE of fractions from Vps13p purification. Lane 1, markers, lane 2, S13; lane 3, S55; 
lane 4, IgG Sepharose flow through; lane 5, eluate after TEV cleavage; lane 6, calmodulin Sepharose flow-through; lanes 7–10, calmodulin Sepharose 
eluate fractions 2–5. (C) Calmodulin Sepharose fraction 3 was analyzed by Coomassie staining after SDS-PAGE. (D) Purified Vps13p was titrated into 
TGN–PVC transport reactions using K-V donor MSS and PSHA acceptor MSS from vps13Δ strains. (E) Purified Vps13p was titrated into TGN–TGN ho-
motypic fusion reactions using K-V donor MSS and SHA acceptor MSS from vps13Δ strains. (F) Time course of the TGN–PVC transport reaction using K-V 
donor MSS and PSHA acceptor MSS from vps13Δ strains. Each time point contained 1 µg purified Vps13p. (G) Time course of the TGN-homotypic fusion 
reaction using K-V donor MSS and SHA acceptor MSS from vps13Δ strains. Each time point contained 0.75 µg purified Vps13p.
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a phosphatidyl inositol-phosphate (PIP) strip binding assay 
(Fig. S4 and Table S1). Purified Vps13p exhibited binding 
to PA and mono- and diphosphorylated phosphatidyl inositol 
(PI), very low binding to phosphatidyl serine (PS), and no ap-
parent binding to lysophosphatidic acid (LPA), lysophosphati-
dyl choline, PI, phosphatidyl ethanolamine (PE), phosphatidyl 
choline (PC), sphingomyelin-1-phosphate, or phosphatidyli-
nositol-3,4,5-tris-phosphate. On the basis of this result, bind-
ing was measured using liposome floatation assays (Fig. 4 B 
and Table  1). Binding of purified Vps13p was measured to 
100-nm filter-extruded synthetic liposomes of the composition 
50:40:10 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line/1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanol-
amine/cholesterol (relative mole fractions) containing no 
addition or 5% of PA or phosphorylated forms of PI. The re-
sults of these assays largely conformed to the results of the 
PIP-strip assay, with Vps13p exhibiting the binding prefer-
ence PA > PI(4,5)P2, PI(4)P > phosphatidyl inositol-3-phos-
phate (PI(3)P), phosphatidyl inositol-5-phosphate (PI(5)
P), LPA > phosphatidyl inositol-3,4-phosphate [PI(3,4)P2], 

phosphatidyl inositol-3,5-bisphosphate (PI(3,5)P2) > PS, PI. 
The ability of Vps13p to bind with significant affinity both 
to PA and to multiple phosphorylated forms of PI raised the 
question of whether these lipids bind to the same or different 
sites on the protein. Combinations of PA with PI(3)P or PI(4)
P did not have strong synergistic effects on binding that might 
be expected from combinatorial binding (Table S2), but fur-
ther experiments (following section) were performed to ad-
dress this issue directly.

Vps13p N- and C-terminal domains contain 
lipid-specific binding sites
If lipid binding were of functional importance to Vps13 pro-
teins, then sites of specific binding might reside within one 
or more of the conserved domains. To test this hypothesis, 
His6-tagged recombinant polypeptides incorporating the con-
served N- and C-terminal domains of Vps13p were expressed 
in Escherichia coli and purified (Fig. 5, A and B; Materials 
and methods) and used in liposome binding assays. As shown 
in Fig. 5 C, the Vps13 N domain exhibited strong binding to 

Figure 3.  3D architecture of Vps13p. (A) 2D class 
averages of Vps13 reveal an elongated rod with a 
loop structure on one end and a hook-like density on 
the opposite end. The rod can be observed in straight 
(left) or kinked configurations (right). The loop and 
hook structures (indicated by arrows) can be observed 
on the same or opposite sides, suggesting rotational 
flexibility between the top and bottom half of the pro-
tein. (B) 3D reconstructions of Vps13 with the loop 
and hook structures on the opposite (left) or the same 
side (right) of Vps13. The 3D maps confirm that the 
loop structure is hollow.

Figure 4.  Membrane and lipid binding of Vps13p. (A) Mem-
brane-binding reactions were conducted as described in Ma-
terials and methods. Lane 1, input (0.3 µg purified Vps13p); 
lanes 2–4, without ATP-regenerating system; lanes 5–7, with 
ATP-regenerating system, lanes 2 and 5, supernatant fractions 
(S); lanes 3 and 6, pellet fractions (P); lanes 4 and 7, sample 
of reactions before centrifugation (T). (B) Liposome-binding as-
says were conducted as described in Materials and methods. 
The figure shows data from one representative experiment. B, 
bottom fraction; M, middle fraction; P, pellet fraction; T, top 
fraction. Table 1 presents quantification of results from three 
independent experiments.
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liposomes containing PA, intermediate binding to liposomes 
containing PI(4,5)P2, and weak binding to liposomes contain-
ing PI(4)P, whereas binding to liposomes containing PI(3)P 
or PI(5)P was undetectable. In contrast, the C-terminal do-
main exhibited strong binding to PI(4,5)P2-containing lipo-
somes, but binding to liposomes containing PA, PI(3)P, PI(4)
P, or PI(5)P was undetectable (Fig. 5 D). These binding data 
are quantified in Table  2.  The purified N- and C-terminal 
domains exhibited dose-dependent inhibition when titrated 
into the TGN–PVC transport assay, suggesting that these 
purified lipid-binding domains interfere with the activity of 
endogenous Vps13p (Fig.  5  E). These results demonstrate 
that Vps13p contains multiple, distinct, lipid-specific binding 
domains. The absence of strong binding to PI(3)P or PI(4)
P by these domains suggests that at least one additional lip-
id-binding site exists in full-length Vps13p or, alternatively, 
that the N and C termini have weak affinity to PI(3)P or PI(4)
P on their own but exhibit a synergistic binding. The inhibition 
experiments support the conclusion that these domains are 
functionally important.

Evidence that Vps13p forms a complex 
with Cdc31p
Cdc31p is a calmodulin-like calcium binding protein required 
for spindle pole body duplication (Salisbury, 2004). A proteomic 
screen for proteins that interact with Cdc31p N-terminally 
tagged with a Z domain of protein A identified Vps13p as one 
of several Cdc31p-binding partners (Kilmartin, 2003). To reex-
amine this observation, cells containing Vps13p C-terminally 
fused to a triple-HA tag (Vps13-3XHA) were transformed with 
a ZCdc31p expression plasmid or vector control, and extracts 
were subjected to IgG Sepharose chromatography. A small 
amount of Vps13-3XHA was observed in the IgG Sepharose 
eluate from cells expressing ZCdc31p but was undetectable in 

Table 1.  Quantification of liposome-binding assays with full-length Vps13p

Test lipid Bound

%
None 3.6 ± 1.3
PA 26.6 ± 2.5
LPA 13.7 ± 2.5
PI(3)P 17.7 ± 3.0
PI(4)P 20.0 ± 1.7
PI(5)P 15.2 ± 0.3
PI(3,5)P2 6.5 ± 2.5
PI(3,4)P2 7.8 ± 2.1
PI(4,5)P2 20.5 ± 0.5
PS 5.8 ± 1.1
PI 2 ± 1.5

The percentage of Vps13p bound was calculated as the top fraction divided by the 
sum of the pellet and bottom fraction multiplied by 100. Shown are mean ± SD values 
from three independent experiments.

Figure 5.  Lipid binding by purified Vps13p N and C domains. (A) Sche-
matic representation of N domain and C domains. (B) Coomassie-stained 
SDS-PAGE of purified N domain (N) and C domain (C). (C and D) Li-
posome float-up assays were conducted as described in Materials and 
methods. (C) Binding assays for purified N domain. (D) Binding assays 
for purified C domain. The figure shows data from representative exper-
iments. B, bottom fraction; M, middle fraction; P, pellet fraction; T, top 
fraction. Table 2 presents quantification of results from three independent 
experiments for each domain. (E) Inhibition of TGN–PVC transport by 
addition of purified N and C terminal domains. Purified domains were 
added to assembled reactions on ice before incubation at 30°C. Data are 
plotted as percent activity remaining and represent mean and SD of three 
independent experiments.

Table 2.  Quantification of liposome-binding assays with purified N and 
C domains of Vps13p

Test lipid Bound

%
N domain
  None 2.0 ± 0.8
  PA 48.0 ± 2.0
  PI(4)P 19.0 ± 3.4
  PI(4,5)P2 31.0 ± 2.5
  PI(3)P 3.0 ± 1.3
  PI(5)P 2.0 ± 0.7
C domain
  None 2.0 ± 1.1
  PA 6.0 ± 1.4
  PI(4)P 11.0 ± 4.4
  PI(4,5)P2 41.0 ± 2.5
  PI(3)P 8.0 ± 0.9
  PI(5)P 7.0 ± 1.6

The percentage of the N domain or C domain bound was calculated as the top frac-
tion divided by the sum of the pellet and bottom fraction multiplied by 100. Shown are 
mean ± SD values from three independent experiments.
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the eluate from vector-containing cells (Fig. 6 A), qualitatively 
confirming Kilmartin’s result. Conversely, immunoblots of 
fractions from Vps13p purifications probed with anti–Cdc31p 
antibody showed that Cdc31p copurified with Vps13p on calm-
odulin Sepharose (Fig. 6 B). This activity profile of the eluate 
from calmodulin Sepharose for complementation of TGN–PVC 
transport using vps13Δ donor and acceptor MSS (Fig. 6 C) par-
allels the elution profile of the presumptive purified Vps13p–
Cdc31p complex (Fig. 6 B).

Overexpression of Vps13p under GAL1 promoter control 
was toxic (Fig. 7), with overexpressing cells exhibiting a termi-
nal phenotype similar to that reported for cdc31-ts cells grown 
at the nonpermissive temperature; namely, large-budded cells in 
which the nucleus was restricted to the mother cell (unpublished 
data). Overexpression of Cdc31p rescued the poor growth phe-
notype of cells overexpressing Vps13p (Fig. 7), suggesting that 
the toxicity resulting from Vps13p overexpression was caused 
by sequestration of the essential protein Cdc31p.

cdc31-ts mutants extracts are defective for 
TGN–PVC transport, and TGN homotypic 
fusion and can be complemented by 
purified Vps13p
To determine whether Cdc31p, like Vps13p, is required for vac-
uolar protein sorting in vivo, a collection of cdc31-ts mutants 
was screened for temperature-sensitive secretion of CPY (Fig. 
S5, A–C). The mutants in this collection exhibit distinct phe-
notypes in spindle pole body duplication, cell morphogenesis, 
and integrity (Ivanovska and Rose, 2001). None of the cdc31-ts 
alleles tested exhibited substantial levels of CPY secretion at 
the permissive temperature (25°C). However, the tested alleles 
exhibited a range of effects on CPY secretion at the nonper-
missive temperature (37°), with some mutants exhibiting no 
more CPY secretion than Vps+ control strains and others ex-
hibiting elevated CPY secretion. The strongest Vps− phenotype 
was exhibited by the cdc31-2ts strain. Therefore, this allele was 
crossed into the strain background used for cell-free transport 
and fusion assays, and the resulting strain (MDY9) was trans-
formed with plasmids used for expression of K-V, PSHA, and 
SHA. MSSs from these transformants were tested for cell-free 
TGN–PVC transport and TGN homotypic fusion (Fig. 8, A and 
B). In the TGN–PVC transport assay, reactions conducted with 
cdc31-2ts donor and acceptor MSS exhibited an elevated back-
ground and were completely defective for transport (Fig. 8 A). 
Similar to what was seen with vps13Δ strains, assays conducted 
with cdc31-2ts donor but WT acceptor exhibited a partial re-
action. Moreover, TGN homotypic fusion reactions conducted 
with cdc31-2ts donor and acceptor MSS in all combinations 
were defective (Fig. 8 B), just as had been seen with vps13Δ 
strains. Remarkably, both TGN–PVC transport and TGN ho-
motypic fusion reactions conducted with cdc31-2ts donor 
and acceptor MSS were complemented by addition of puri-
fied Vps13p (Fig. 8, C and D). Furthermore, the presumptive 
Vps13p–Cdc31p complex eluted from calmodulin Sepharose 
exhibited comparable activity in complementation of TGN–
PVC transport reactions using either vps13Δ or cdc31-2ts donor 
and acceptor MSS (Fig. 6 C).

Vps13p purified from a cdc31-ts strain 
cannot complement reactions conducted 
with MSS from either vps13Δ or 
cdc31-ts strains
If the active form of purified Vps13p is a Vps13p–Cdc31p com-
plex, then Vps13p purified from a cdc31 mutant background 
should be defective for complementation. Therefore, cdc31-2ts 
was crossed into the strain expressing TAP-tagged Vps13p, and 
Vps13p was purified from this strain (Fig. 8 G). Vps13p puri-
fied from the cdc31-2ts background was completely inactive for 
complementation of TGN–PVC transport and TGN homotypic 
fusion in reactions using donor and acceptor MSS from both 
cdc31-2ts (Fig. 8, C and D) and vps13Δ strains (Fig. 8, E and 

Figure 6.  Coisolation of Vps13-3XHA with Z domain–tagged Cdc31p. 
(A) Experiments to measure coisolation of Vps13-3XHA with ZCdc31p 
were conducted as described in Materials and methods. The top blot was 
probed with anti–TAP antibody to detect Vps13p. The bottom blot was 
probed with anti–Cdc31p antibody. Eluate, IgG Sepharose eluate from 
cells lacking ZCdc31p (vector) or expressing ZCdc31p; FT, flow-through of 
IgG Sepharose; input, sample of homogenate. The input and flow-through 
samples represent 0.3% of the total, whereas the eluate represents 8% 
of the total. The ZCdc31p plasmid results in elevated expression of the 
25 kD ZCdc31p relative to 18 kD endogenous Cdc31p, the latter of which 
is too low to be detected in samples from either the vector or ZCdc31p 
strains. (B) Copurification of Cdc31p with Vps13p. Fractions from Vps13p 
purification were immunoblotted with anti–TAP antibody to detect Vps13p 
(top blot) or anti–Cdc31p antibody (bottom blot). Lane 1, S13; lane 2, 
S55; lane 3, TEV eluate; lane 4, flow-through of calmodulin Sepharose 
column (CS FT); lane 5–9, eluted fractions 2–6 from calmodulin Sepharose 
(CS eluate). (C) Complementation by 5 µl of fractions 2–6 of calmodulin 
Sepharose elution shown in B of TGN–PVC transport reactions conducted 
with K-V donor and PSHA acceptor from vps13Δ strain (black columns) or 
cdc31-2ts strain (gray columns).

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/216/2/425/1597488/jcb_201606078.pdf by guest on 04 D

ecem
ber 2025



JCB • Volume 216 • Number 2 • 2017432

F). We thus conclude that Vps13p must be in a complex with 
functional Cdc31p to be active and that the purified Vps13p that 
is active for complementation is a Vps13p–Cdc31p complex.

Discussion

Here, we demonstrate using purified Vps13p and a cell-free 
assay that specifically measures Gga2/clathrin-dependent 
transport from the TGN to the PVC that Vps13p is directly 
required for TGN–PVC transport. Furthermore, we find that 
Vps13p is required for TGN homotypic fusion. In both reac-
tions, the active form of Vps13p is a complex of Vps13p and 
Cdc31p. Furthermore, we have shown that purified, soluble 
Vps13p is monomeric, folds into a coherent and unusual struc-
ture, and binds to yeast membranes in an ATP-stimulated fash-
ion and that the protein has particular affinity for PA, PI(4)P, 
PI(4,5)P2, and, to a lesser extent, other monophosphorylated 
phosphatidylinositides.

Membrane recruitment and lipid binding
Upon lysis, the majority of Vps13p is found in a particulate 
fraction (Fig. S2 C). TAP-tagged Vps13p was purified from a 
soluble pool, suggesting that its ability to restore TGN–PVC 
transport and TGN homotypic fusion to reactions conducted 
with extracts from vps13Δ cells depended on recruitment of the 
protein to membranes. Indeed, purified Vps13p was found to 
bind to membranes, and binding was stimulated by ATP. ATP 
stimulation may reflect a requirement for lipid or protein phos-
phorylation and/or an energy-dependent step. Indeed, interac-
tions of both human VPS13B and VPS13C with rab GTPases 
have been reported (McCray et al., 2010; Seifert et al., 2015). 
The ability of purified Vps13p to associate selectively with PA 
and phosphorylated forms of PI suggests that direct lipid inter-
actions are also likely to play a role in membrane recruitment. 
Supporting this conclusion, the conserved N- and C-terminal 
domains of Vps13p, expressed and purified from E.  coli, ex-
hibited distinct patterns of lipid-specific binding in liposome 
float-up assays, with the N-terminal domain exhibiting strong 
binding to PA, moderate binding to PI(4,5)P2 and weak binding 
to PI(4)P, whereas the C-terminal domain bound only to PI(4,5)
P2. Moreover, both domains exhibited inhibitory activity when 
titrated into TGN–PVC transport assays. Neither domain exhib-
ited binding to PI(3)P or PI(5)P, which did bind to full-length 

Vps13p, suggesting that the full-length protein contains addi-
tional binding sites. Alignments of Vps13 N-terminal domains 
suggest that the N-terminal domain may itself consist of two in-
dependent domains. Hypothetically, these could contain distinct 
binding sites for PA and PI(4,5)P2.

The high affinity of Vps13p for PA, PI(4)P and PI(4,5)
P2 in liposome binding assays is particularly interesting in the 
context of the finding that vps13 null mutations result in re-
duced PA, PI(4)P, and PI(4,5)P2 in prospore membranes (Park 
and Neiman, 2012). This result suggests that there may be a 
complex interplay in which membrane recruitment of Vps13p 
results in generation of lipids that, in turn, enhance or modify 
Vps13p membrane association.

Additional protein–protein interactions may also be im-
portant in recruitment of Vps13p to specific membranes. For 
example, Spo71p is specifically required for recruitment of 
Vps13p to the prospore membrane during sporulation (Park et 
al., 2013), suggesting the possibility that specific factors are 
required to guide Vps13p to specific sites that would include 
PVC, TGN, and nuclear–vacuolar and vacuole–mitochondrial 
junctions (Lang et al., 2015; Park et al., 2016). SHIP164 in-
teracts with syntaxin 6 through a domain homologous to the 
N-terminal conserved regions of VPS13 proteins (Otto et al., 
2010). Human VPS13A extracted from erythrocyte membranes 
is found in complex with both β-adducin and β-actin, suggest-
ing possible interactions of VPS13 proteins with cytoskeletal 
elements (Shiokawa et al., 2013).

The Vps13p–Cdc31p complex
Purified Vps13p contains Cdc31p, and the presence of Cdc31p 
is essential for activity in both TGN–PVC transport and TGN 
homotypic fusion. Moreover, temperature-sensitive alleles of 
CDC31 exhibit temperature-dependent defects in CPY sorting, 
consistent with a role for Cdc31p in trafficking of the CPY re-
ceptor, Vps10p (Marcusson et al., 1994; Cooper and Stevens, 
1996). It is conceivable that purified Vps13p contains other 
associated polypeptides that affect the in vitro transport and 
fusion reactions but, like Cdc31p, are not easily detected in sil-
ver- or Coomassie-stained gels. Likewise, we cannot absolutely 
rule out indirect effects of Cdc31p on Vps13p function.

Binding of Cdc31p to Vps13p could play an essential 
structural role, but it may also play a calcium-dependent regu-
latory role in Vps13 function. The crystal structure of Cdc31p 
bound to α-helical peptides from the spindle pole body protein 

Figure 7.  Cdc31p overexpression rescues toxic-
ity of Vps13p overexpressed under GAL1 promoter 
control. pRS316 (vector), p416-GALpr-CDC31 
expressing CDC31 under GAL1promoter control 
(GAL1pr-CDC31), and plasmid p426-GPDpr-CDC31 
expressing CDC31 under TDH3 promoter control 
were transformed into VPS13+ strain CRY1 and 
EBY43, in which the GAL1 promoter was integrated 
in front of the VPS13 structural gene. Strains were 
grown in YPD liquid culture, and serial dilutions were 
pronged onto 2% (wt/vol) glucose plates (synthetic 
complete 2% [wt/vol] glucose medium with uracil) 
and 2% (wt/vol) galactose plates (synthetic com-
plete 2% [wt/vol] galactose medium with uracil) 
and grown for 2 d at 30°C.
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Figure 8.  Analysis of Cdc31p function using cell-free TGN–PVC and TGN homotypic fusion reactions. (A) TGN–PVC transport reactions using K-V donor 
MSS and PSHA acceptor MSS from VPS13+ CDC31+ and VPS13+ cdc31-2ts strains. Black triangles, VPS13+ CDC31+ donor and acceptor; blue circles, 
VPS13+ cdc31-2ts donor and acceptor; green squares, VPS13+ CDC31+ donor and VPS13+ cdc31-2ts acceptor; red diamonds, VPS13+ cdc31-2ts donor and 
VPS13+ CDC31+ acceptor. (B) TGN-homotypic fusion reactions using K-V donor MSS and SHA acceptor MSS from VPS13+ CDC31+ and VPS13+ cdc31-2ts 
strains. Black triangles, VPS13+ CDC31+ donor and acceptor; blue circles, VPS13+ cdc31-2ts donor and acceptor; green squares, VPS13+ CDC31+ donor 
and VPS13+ cdc31-2ts acceptor; red diamonds, VPS13+ cdc31-2ts donor and VPS13+ CDC31+ acceptor. (C) Titration of Vps13p purified from CDC31+ strain 
(blue triangles) or from cdc31-2ts strain (red circles) into TGN–PVC transport reactions using K-V donor MSS and PSHA acceptor MSS from VPS13+ cdc31-
2ts strains. (D) Titration of Vps13p purified from CDC31+ strain (blue triangles) or from cdc31-2ts strain (red circles) into TGN homotypic fusion reactions 
using K-V donor MSS and SHA acceptor MSS from VPS13+ cdc31-2ts strains. (E) Titration of Vps13p purified from CDC31+ strain (black triangles) or from 
cdc31-2ts strain (green circles) into TGN–PVC transport reactions using K-V donor MSS and PSHA acceptor MSS from vps13Δ CDC31+ strains. (F) Titration 
of Vps13p purified from CDC31+ strain (black triangles) or from cdc31-2ts strain (green circles) into TGN homotypic fusion reactions using K-V donor MSS 
and SHA acceptor MSS from vps13Δ CDC31+ strains. (G) Purification of Vps13-TAP from cdc31-2ts strain. Fractions from purification of Vps13-TAP from 
cdc31-2ts strain MDY9 (p416-ADH1pr-VPS13-TAP) were subjected to electrophoresis in SDS-PAGE and gels were silver-stained (top) or Western blotted 
(bottom) using anti–TAP antibody. Lane 1, S55; lane 2, IgG Sepharose flow-through (IgG FT); lane3, TEV eluate of IgG Sepharose; lane 4–9, eluted frac-
tions 2–7 of calmodulin Sepharose (CS eluates).
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Sfi1p (Li et al., 2006) reveals interactions analogous to bind-
ing of calmodulin and myosin light chain bound to IQ-motif 
peptides (Trybus et al., 2007). Calcium binding by calmodulin 
bound to IQ motifs in myosin V causes significant conforma-
tional changes. A recent biophysical study of Cdc31p shows that 
Cdc31p contains one mixed, competitive Ca2+/Mg2+-binding 
site in the N terminus and two weaker Ca2+-binding sites at the 
C terminus (Miron et al., 2011). Furthermore, the affinity of 
Cdc31p for a set of α-helical peptides corresponding to physi-
ological Cdc31p-binding sites in Kar1p, Sfi1p, and Sac3p was 
differentially enhanced by Ca2+ and Mg2+ ions. We therefore 
speculate that Cdc31p may regulate Vps13p structure and func-
tion in response to changes in calcium concentrations. Indeed, 
cell-free TGN homotypic fusion was found to be sensitive to the 
rapid Ca2+ chelator BAP​TA, but not to EGTA, suggesting a role 
for transient changes in Ca2+ levels during the reaction (Brickner 
et al., 2001). Localization of Vps13p to junctional complexes 
implicated in calcium exchange between calcium-rich organ-
elles (vacuoles, nuclear envelope, and mitochondria) may also 
be relevant in this regard. The stoichiometry, sites, and possible 
cooperativity of binding of Cdc31p to Vps13p and the confor-
mational effects of calcium on the Cdc31p–Vps13p complex 
are therefore of great interest.

Implications of the 3D structure
The EM studies reveal that Vps13p folds into a relatively com-
pact, unitary structure that forms a complex with Cdc31p. This 
complex has several intriguing features that may have func-
tional importance. The most obvious feature is the “loop” that is 
evident in most class averages. A second feature is the apparent 
flexibility of the structure in both the contour of the extended 
“handle” and the disposition (end-on vs. side-on) of the loop 
with respect to the handle. A third is the hook-like density at the 
end of the handle, the disposition of which relative to the loop 
suggests torsional flexibility in the handle. Finally, there is the 
appearance of one or more globular domains adjacent to the loop 
that may correspond to one or more of the highly conserved do-
mains in the VPS13 family (N terminal, DUF1162, and C termi-
nal). A major challenge will be to map both conserved domains 
and functional features onto this unusual structure. The loop is 
a particularly interesting motif. Given the apparent interaction 
of VPS13A with β-actin and β-adducin (Shiokawa et al., 2013), 
it may be worth noting that the internal diameter (∼6 nm) of the 
loop is similar to the diameter of an F-actin filament.

The majority of loss-of-function mutations mapped 
to the human VPS13A (chorea acanthocytosis) and VPS13B 
genes are predicted to encode truncated polypeptides, but the 
resulting termination codons span nearly the entire sequence 
of each polypeptide (Dobson-Stone et al., 2002; Seifert et al., 
2009). A possible explanation for this is that the unitary, folded 
structures of VPS13 proteins require the integrity of the entire 
sequence of each protein.

Roles of Vps13 proteins in distinct types 
of membrane transactions
Yeast Vps13p is required for a set of distinct types of vesic-
ular transport and fusion reactions: (a) simple homotypic fu-
sion (TGN homotypic fusion), (b) interorganellar transport 
(Gga-clathrin–dependent TGN–PVC transport and retromer- 
dependent PVC–Golgi transport), and (c) more complex reac-
tions (prospore membrane closure). The latter reaction is nota-
ble in that it involves not only fusion of the prospore membrane 

but also simultaneous scission of the nuclear envelope, a pro-
cess that is topologically similar to fungal cytokinesis (Park 
and Neiman, 2012). Studies of VPS13 homologues in other 
organisms suggest an even wider portfolio of functions for 
these proteins that include phagosome formation, dependent on 
TtVPS13A in Tetrahymena thermophila (Samaranayake et al., 
2011); Golgi ribbon fusion, dependent on VPS13B in human 
cells (Seifert et al., 2011); and autophagosome closure, de-
pendent on TipC in Dictyostelium discoideum and VPS13A in 
HeLa cells (Muñoz-Braceras et al., 2015). In addition, studies 
in yeast have demonstrated Vps13p localization to and func-
tion in multiple interorganellar junctional complexes that in-
clude nuclear–vacuolar, vacuolar–mitochondrial, and, possibly, 
ER–lipid droplet junctions (Grippa et al., 2015; Lang et al., 
2015; Park et al., 2016).

Even though each of the four human VPS13 homologues 
exhibits wide tissue expression, mutations in VPS13A to 
VPS13D have distinct phenotypic consequences that, presum-
ably, reflect loss of one type of function. Understanding these 
diseases will require identification of the specific functional 
cellular defect that results from loss of each individual protein. 
This, in turn, requires that we understand the set of molecular 
functions of each of the proteins. Given the homology between 
all VPS13 family members, we think it is possible that there 
is a set of common molecular functions shared by all VPS13 
homologues, in addition to unique functions. What might the 
common functions be? Given the evidence from this work, 
studies of the effects of vps13 mutations on yeast sporulation 
and the involvement of Vps13p at interorganellar junctions, it 
seems plausible that the binding to and regulation of specific 
phosphorylated lipids represent common core functions. This 
notion is supported by recent studies on the effects of VPS13A 
on PI(4)P metabolism in PC12 cells (Park et al., 2015).

Finally, as shown here, Vps13p has affinity for phosphor-
ylated lipids typically found in distinct membranes in vegetative 
yeast cells: PI(4)P in Golgi/TGN, PI(4,5)P2 in plasma mem-
brane, and PI(3)P in endosomal membranes. No synergistic 
effects on binding were found by combining PA with PI(3)P 
or PI(4)P, yet the properties of the purified N- and C-terminal 
domains suggest strongly that Vps13p contains multiple distinct 
lipid-specific binding sites. One attractive model that fits these 
data is one in which the distinct lipid-binding sites in Vps13p 
are topologically distinct, possibly permitting Vps13p to simul-
taneously bind apposed membranes that have different lipid 
compositions. The hypothetical ability of Vps13p to bridge dis-
tinct membrane compartments suggests a “tether-like” function 
for the protein, but this term may not capture the complexity 
of function of a molecule involved in so many distinct mem-
brane transactions and protein interactions that may include 
interactions with the actin cytoskeleton (Shiokawa et al., 2013) 
and regulatory effects on phospholipid metabolism (Park and 
Neiman, 2012; Park et al., 2015). Nevertheless, this property 
would be consistent with roles for Vps13p both in fusion of 
different membrane types and in formation of interorganel-
lar junctional complexes.

Materials and methods

Strains, plasmids, media, antibodies, and reagents
The yeast strains used in this study are listed in Table 3 and Fig. S5 
C. The basic strain used for TGN–PVC transport and TGN homotypic 
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fusion reactions was JBY209 (Brickner et al., 2001). A vps13Δ de-
rivative of JBY209 was created by complete gene replacement using 
pUG72 (Gueldener et al., 2002) as a PCR template. Ura+ transformants 
were confirmed by PCR, and MATa Ura3− variant (MDY1) was se-
lected using 5-fluoroorotic acid plates.

To construct Vps13p-tagged and overproducing strains, BY4741 
containing VPS13 with a C-terminal TAP tag (GE Healthcare) was 
made pep4− by transforming with the BamHI fragment of pTS17 and 
selecting for Leu+ (Deloche and Schekman, 2002), generating MAY21. 
VPS13-TAP and VPS13-3HA were placed under control of the ADH1 
promoter by transforming MAY21 and JBY171, respectively, with a 
PCR fragment derived from pFA6a-kanMX6-pADH1 and selecting for 
G418r (Petracek and Longtine, 2002), generating MAY22 and MAY23. 
A cdc31-2ts derivative of JBY209 (MDY9) was constructed by mat-
ing JBY209 (MATa) with ELW55-2B (MATα), followed by sporulation 
and random spore selection. To purify Vps13-TAP from a cdc31-2ts 
strain, MDY9 was transformed with p416-ADH1pr-VPS13-TAP. This 
plasmid was constructed in multiple steps from p416ADH (Mumberg 
et al., 1995) by inserting 500-bp fragments corresponding the 5′ end 
of VPS13 and the 3′ end of VPS13 fused by overlap extension to the 
TAP tag with the 5′ and 3′ fragments of VPS13 separated by a Sma1 
restriction site. This plasmid was cleaved with Sma1 and cotrans-
formed with pSOI1.16 into JBY154-1D (Brickner and Fuller, 1997) 
to generate p416-ADH1pr-VPS13-TAP by recombination. EBY43 
(GAL1pr-VPS13) was created by integration of the GAL1 promoter in 
front of VPS13 in strain CRY1, the MATa form of CRY2 (Wilcox and 
Fuller, 1991), by integrating the kanMX6-PGAL1 cassette from plas-
mid pFA6a-kanMX6-PGAL1 (Petracek and Longtine, 2002). To create 
strains for preparation of MSS for cell-free assays, MDY1 and MDY9 
were transformed with pCW-KX10 (which encodes Kex2p; Wilcox 
et al., 1992), pCW-KX10-Vps10 (which encodes the Kex2-Vps10p 
chimera, K-V; Abazeed et al., 2005), pSHA (which encodes SHA; 
Brickner et al., 2001), and pPSHA (which encodes PSHA; Blanchette 
et al., 2004). Plasmid pRS314-ZCdc31p was a gift from J. Kilmartin 
(MRC Laboratory of Molecular Biology, Cambridge, England, UK; 
Kilmartin, 2003). Plasmids p416-GALpr-CDC31, expressing CDC31 
under GAL1promoter control (GAL1pr-CDC31), and p426-GPD-
pr-CDC31, expressing CDC31 under TDH3 promoter control, were 
created by inserting a PCR fragment containing the WT CDC31 open 
reading frame into plasmids p416GAL and p424GPD (Mumberg et 
al., 1995), respectively.

Yeast-rich medium (YPD), synthetic minimal 2% (wt/vol) 
glucose medium, synthetic complete 2% (wt/vol) glucose medium, 

synthetic complete 2% (wt/vol) galactose medium, and synthetic 
complete dropout media, such as synthetic complete 2% (wt/vol) 
glucose medium with uracil, were prepared as described previously 
(Rose et al., 1990). Unless otherwise specified, yeast cells were grown 
at 30°C.  Anti–HA mAb 12CA5 was obtained from Roche. Affinity- 
purified rabbit anti–mouse IgG was obtained from Jackson Immuno- 
Research Laboratories, Inc. Rabbit polyclonal anti–TAP antibody was 
obtained from GenScript. Rabbit anti–yeast Cdc31p antibody was a gift 
from M. Rose (Princeton University, Princeton, NJ). Rabbit anti–His6 
antibody was obtained from Bethyl Laboratories, Inc. IgG Sepharose 
4B and protein A Sepharose were obtained from GE Healthcare. Pan-
sorbin was obtained from EMD Millipore. Restriction endonucleases, 
DNA modification enzymes, and calf intestinal alkaline phosphatase 
were purchased from New England Biolabs, Inc. Ala-Pro-MCA was 
purchased from Bachem. PIP strips were purchased from Echelon 
Biosciences. Phospholipids were purchased from Avanti Polar Lip-
ids, Inc. Precast 4–15% TGX gradient gels and Precision Plus Protein 
Kaleidoscope Prestained Protein Standards were purchased from Bio-
Rad Laboratories. In figures, only the 250-kD standard is indicated; 
lines below it correspond to 150, 100, 75, 50, 37, 25, and 20 kD. All 
other chemicals and reagents were obtained from Sigma-Aldrich, un-
less otherwise indicated.

Cell-free TGN–PVC transport and TGN homotypic fusion reactions
Cell-free assays for TGN-to-PVC transport (Blanchette et al., 2004; 
Abazeed et al., 2005; Abazeed and Fuller, 2008; De et al., 2013) and 
TGN homotypic fusion (Brickner et al., 2001) were conducted as de-
scribed. MSS containing TGN, endosomal membranes, and cytosol 
was prepared from spheroplasts of JBY209, MDY1 (vps13Δ), and 
MDY9 (cdc31-2ts) cells expressing Kex2p, K-V (chimera consisting of 
Kex2p with Vps10p C-tail), or the PSHA or SHA chimeric substrates. 
MDY9 (cdc31-2ts) cells were grown at the permissive temperature 
(25°C); all other strains were grown at 30°C.  In brief, TGN-to-PVC 
transport assays measured the fractional cleavage of PSHA by Kex2p 
proteolytic activity delivered from K-V– or Kex2p-containing donor 
TGN membranes to acceptor PSHA-containing PVC membranes (Figs. 
1 A and S1 A). When MSS contains Kex2p, the reaction observed with 
PSHA acceptor MSS (the TGN–PVC reaction) represents a composite 
of two reactions: a Gga-dependent reaction that shows a lag and that 
we interpret as authentic Gga-clathrin–dependent transport and a Gga- 
independent reaction that occurs early, without a lag, that most likely 
represents direct PVC–early endosome fusion (Abazeed and Fuller, 
2008). This is consistent with the partitioning of Kex2p between two 

Table 3.  Strains used in this study

Strain Genotype

JBY209 MATα kex2Δ2::hisG dap2::kanr pep4::HIS3 ste13::LEU2
CB018 MATa KEX2+ pep4::HIS3 prb1::hisG prc1::hisG
BY4741 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0
MAY22 BY4741 ADH1pr::VPS13-TAP pep4Δ::LEU2
MAY23 CBO18 ADH1pr::VPS13-HA
DC14 MATa his1
ELW55-2B MATα cdc31-2ts ura3-52 trp1Δ
MDY1 JBY209 vps13Δ::URA3
MDY9 JBY209 cdc31-2ts
EBY43 MATa ade2-1 can1-100 his3-11,15 leu2-3,-112 trp1-1 ura3-1 GAL1pr-VPS13
JBY154-1D MATα ade2-1 can1-100 his3-11,15 leu2-3,-112 trp1-1 ura3-1 vps13Δ::kanr

MS 7902 CDC31+ leu2-3,112 ura3-52 ade2-101 his3-Δ300

JBY209 (Brickner et al., 2001), CB018 (Brenner and Fuller, 1992), BY4741 (Brachmann et al., 1998), ELW55-2B (Weiss and Winey, 1996), JBY154-1D (Brickner and Fuller, 
1997), and MS 7902 (Ivanovska and Rose, 2001) were constructed as described previously. MAY22, MAY23, MDY1, MDY9, and EBY43 were constructed as described in 
Materials and methods.
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pathways to the PVC, one a “direct” Gga-clathrin–dependent pathway 
and the other a Gga-independent pathway through the early endosome 
(Sipos et al., 2004; De et al., 2013). With the Kex2-Vps10 chimera, 
K-V, in donor membranes, only the direct pathway is seen (Abazeed 
and Fuller, 2008), consistent with the behavior of Vps10p (Sipos et al., 
2004). Thus use of K-V greatly simplifies interpretation of the assays. 
TGN homotypic fusion assays measured the fractional cleavage of SHA 
by Kex2p proteolytic activity upon fusion of donor K-V–containing 
or Kex2p-containing TGN membranes with acceptor SHA-containing 
TGN membranes (Fig. 1 C). Transport and fusion reactions were incu-
bated at 30°C for 20 min (endpoint assays) or for the indicated times 
(time courses). The fraction of PSHA and SHA cleaved (“fraction of 
PSHA processed”) was monitored by the fraction of Ste13 DPAPase 
activity remaining in the supernatant after anti-HA immunoprecipita-
tion using the monoclonal anti–HA antibody 12CA5. DPAPase activity 
was determined using the fluorogenic substrate Ala-Pro-AMC. Data 
points represent mean values of triplicates; error bars represent ±SD, 
and all reactions presented were performed three or more times with 
comparable results. At least two independent preparations of MSS were 
tested. An elevated background was observed with vps13Δ and cdc31-
2ts acceptor MSS because of Kex2-independent cleavage in vivo in 
mutant cells, a phenomenon observed previously with other mutations 
that affect sorting (Brickner et al., 2001; Abazeed et al., 2005). The ele-
vated backgrounds imply that PSHA or SHA has been partially cleaved 
in vivo in a Kex2p-independent fashion in these mutant backgrounds 
(the PSHA and SHA “donor” strains are kex2-null mutants) because of 
subtle alterations in trafficking of PSHA or SHA or induction of altered 
proteolytic activities (e.g., Yps1p and Yps2p, two glycosylphosphati-
dylinositol-anchored aspartyl proteases, can cleave Kex2p substrates 
within the secretory pathway). Notably, Yps1p is induced by cell wall 
stress (Komano and Fuller, 1995; Krysan et al., 2005).

Purification of TAP-tagged Vps13p
Vps13-TAP–expressing strains were grown for 16 h in 2 liters of YPD 
at 30°C (MAY22, VPS13-TAP) or 25°C (cdc31-2ts strain MDY9 con-
taining p416-ADH1pr-VPS13-TAP) to a density of 5 × 107 cells/ml, and 
cells were spheroplasted and frozen as described previously (Brickner 
et al., 2001). For purification, spheroplasts were thawed and homog-
enized with 10 strokes of a dounce homogenizer (pestle A), and ly-
sates were centrifuged at 13,000 rpm for 10 min. This and subsequent 
steps were conducted at 4°C. The resulting MSS (also referred to as 
S13) was centrifuged in a TLS55 rotor in a TLX centrifuge (Beckman 
Coulter) at 55,000 rpm (200,000 g) for 1 h to generate a supernatant 
fraction (S55) that contained ∼20% of Vps13-TAP in a soluble form, 
with the remainder sedimenting with membranes or complexes (Fig. S2 
C; Brickner and Fuller, 1997). 1 ml IgG Sepharose 6 Fast Flow beads 
(GE Healthcare), preequilibrated with TNN buffer (50 mM Tris-Hcl, 
pH 7.9, 50 mM NaCl, and 0.5% NP40), were added to S55 and rotated 
for 2.5 h. This mixture was loaded onto a 10-ml column (Bio-Rad Lab-
oratories), flow-through was collected and the resin was washed with 3 
× 10 ml TNN buffer and 2 × 10 ml TEV buffer (TNN buffer with 1 mM 
DTT and 0.5 mM EDTA). IgG beads were resuspended in 5 ml TEV 
buffer with 5 µl 1.3-mg/ml TEV protease, rotated for 16 h and loaded 
onto a column. TEV-cleaved Vps13p (TEV eluate) was recovered in 
the flow-through. The TEV eluate was rotated with 1 ml of calmodulin- 
Sepharose 4B beads (GE Healthcare) preequilibrated with calmod-
ulin binding buffer (75 mM Tris-HCl, pH 7.9, 120 mM NaCl, 1 mM 
MgOAc, 1 mM imidazole, and 2 mM CaCl2) for 2.5 h. Resin was loaded 
on a 10-ml column and washed with 3 × 10  ml calmodulin-binding 
buffer, and bound protein was eluted with 1.6 ml calmodulin elution 
buffer (10 mM Tris-HCl, pH 7.0, 120 mM NaCl, 1 mM MgOAc, 1 mM 
imidazole, and 20  mM EGTA), collected in eight 200-µl fractions. 

Purified fractions were stored in this buffer at −80°C. Although elu-
tion from calmodulin-Sepharose by calcium chelation may alter the 
calcium-binding status of Cdc31p in the Vps13p–Cdc31p complex, we 
think it is likely that Cdc31p remains bound. First, Cdc31p coelutes 
with Vps13p (Fig.  6  B). Second, Cdc31p binds with relatively high 
affinity to effector peptides in the absence of divalent cations. Indeed, 
crystal structures of Cdc31p bound to Sfi1p peptides both in the pres-
ence and absence of calcium have been reported (Li et al., 2006). To 
assay the activity of Vps13p during purification, TGN–PVC transport 
reactions were conducted using donor and acceptor MSS from vps13Δ 
cells. A unit of activity was defined as the amount of Vps13p required 
for cleaving 10% of the PSHA in 20 min. Protein concentrations of 
eluted fractions were determined by Bradford (Bio-Rad Laboratories) 
and BCA assays. After SDS-PAGE, purified Vps13p was visualized 
by Coomassie blue and silver staining. For immunoblotting gels were 
transferred overnight at 45 V to Protran nitrocellulose (GE Healthcare), 
and the blots were probed with polyclonal rabbit anti–TAP antibody 
and horseradish peroxidase–conjugated goat anti–rabbit IgG (Jackson 
ImmunoResearch Laboratories, Inc.). Blots were visualized with ECL 
reagents (Bio-Rad Laboratories) and HyBlot CL film (Denville Scien-
tific), and the bands were quantified by scanning densitometry using 
ImageJ software (National Institutes of Health). Purified TAP-tagged 
Vps13p retains a C-terminal calmodulin-binding peptide that reacts 
with anti–TAP antibody but is referred to in this paper as Vps13p.

Membrane binding of Vps13p
To test binding of Vps13p to yeast membranes, 1.5 µg purified Vps13p 
was added to 90-µl reactions containing 30 µl Kex2-Vps10p donor and 
30 µl PSHA acceptor MSS from VPS13+ strain JBY209. Binding re-
actions were incubated for 20 min at 30°C in the presence or absence 
of the creatine phosphate/creatine kinase ATP-regenerating system 
(Brickner et al., 2001) and then centrifuged at 54,000 rpm (200,000 g 
at rav) for 1 h in a TLS55 rotor (Beckman Coulter). Pellets were re-
suspended in 90 µl SDS-PAGE sample buffer, and one ninth each of 
the total reaction and the supernatant and pellet fractions was sepa-
rated by SDS-PAGE and immunoblotted. The bands were quantified by 
scanning densitometry using ImageJ software (National Institutes of 
Health). Values given in Results for percentage of Vps13p in the pellet 
represent mean ± SD for three independent experiments.

Liposome and PIP-strip–binding assays
To prepare liposomes of defined composition, lipids were mixed at the 
desired molar ratio in glass containers following the method of Bigay 
and Antonny (2005). Control liposomes consisted of 1-palmitoyl​-2​
-oleoyl​-sn​-glycero​-3​-phosphocholine​:1​-palmitoyl​-2​-oleoyl​-sn​-glycero​
-3​-phosphoethanolamine​:cholesterol in 50:40:10 wt/wt ratio. Sample 
liposomes consisted of control liposomes plus 5% of either PA, LPA, 
PI(3)P, PI(4)P, PI(5)P, PI(3,4)P2, PI(3,5)P2, PI(4,5)P2, PS, or PI. All PI 
lipids contained 18:1 cis-9 fatty acids. Chloroform solutions of lipids 
were evaporated under N2 gas and dried overnight under vacuum. 
The lipid films were resuspended in 250 µl liposome buffer (50 mM 
Hepes-KOH, pH 7.2, and 120 mM potassium acetate) and subjected 
to five cycles of freezing in acetone/dry ice followed by and thawing 
at 30°C.  The multilamellar liposome suspensions were extruded 61 
times through a 0.1-µM polycarbonate filter using a 250-µl Hamilton 
syringe to generate unilamellar liposome suspensions. 4 µg Vps13p or 
2 µg recombinant N and C domains were incubated with control and 
sample liposomes (10 mM) in final volume of 150 µl buffer A (50 mM 
Hepes-KOH, pH 7.2, 120  mM potassium acetate, 1  mM MgCl2, 
1 mM DTT, and 10% sorbitol) for 30 min at 30˚C. Protein and lipid 
suspensions were adjusted to 30% wt/vol sucrose by adding 100  µl 
of 2.2 M sucrose in buffer A and introduced beneath a step gradient 
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consisting of 50 µl buffer A and 200 µl buffer A plus 0.75M sucrose 
in polycarbonate tubes. The tubes were centrifuged at 54,000 rpm 
(200,000 g at rav) for 1 h in a TLS55 rotor. After centrifugation, three 
fractions were collected from bottom to top using a Hamilton syringe 
(bottom, 300 µl; middle, 100 µl; and top, 100 µl), and a fourth sample 
was prepared by resuspending pelleted material in 300 µl SDS-PAGE 
loading buffer. A one-tenth volume of each fraction was subjected to 
SDS-PAGE and immunoblotted using anti-TAP (Vps13p) or anti-His6 
(N and C domains) antibody. Blots were developed and the bands were 
quantified by scanning densitometry using ImageJ software.

Alignment of the Saccharomyces cerevisiae Vps13p N- and 
C-terminal regions with those of the four human homologues 
(VPS13A–VPS13D), two Caenorhabditis elegans homologues, and 
single homologues from Canis lupus, Rattus norvegicus, Danio rerio, 
Pan troglodytes, Schizosaccharomyces pombe, and Dictyostelium dis-
coideum was done using ClustalW2 (Larkin et al., 2007). Jpred was 
used to better define domain boundaries (Cuff et al., 1998). Sequences 
encoding the N-terminal domain (codons 1–437) and C-terminal do-
main (codons 2905–3144) were amplified by PCR using primers listed 
in Table S3 and were introduced into the expression vector pMCSG7 
by ligation-independent cloning. Insertion into pMCSG7 fused an 
N-terminal leader to each domain that contained a His6 affinity tag 
(Stols et al., 2002). The resulting plasmids were transformed into 
BL21-DE3 E. coli, and expression in log-phase cultures was induced 
with 1 mM IPTG for 4 h at 37°C. Both polypeptides were found in 
inclusion bodies in sonicates of expressing cells. The N domain was 
solubilized with 6  M guanidinium chloride in column buffer (CB; 
20 mM Tris-HCl, pH 7.9, 0.5 M NaCl, and 10% sorbitol), bound to 
Ni-NTA agarose (QIA​GEN); renatured by sequentially washing with 
CB containing 3  M, 1.5  M, and 0  M guanidinium chloride; washed 
sequentially with CB containing 20 mM and 60 mM imidazole; and 
eluted with CB containing 500 mM imidazole. The C domain was sol-
ubilized with CB plus 6 M urea, bound to Ni-NTA agarose, renatured 
by sequentially washing with CB plus 4 M urea then CB without urea, 
washed sequentially with CB containing 20 mM and 40 mM imidaz-
ole, and eluted with CB containing 300 mM imidazole. Eluted proteins 
were dialyzed against CB.

Protein and lipid overlay assays were performed to identify lipid 
ligands of Vps13p by using PIP strips (Echelon Bioscience). The strip 
was blocked with 3% BSA in TBS (10  mM Tris-HCl, pH 7.4, and 
150 mM NaCl), incubated with 3 µg purified Vps13p for 2 h at room 
temperature with gentle agitation and then washed with TBST (TBS + 
0.1% vol/vol Tween 20). Vps13p was detected by immunoblotting with 
anti-TAP antibodies, the film was quantified by densitometry, and the 
bands were quantified by scanning densitometry using ImageJ software.

Coisolation of Vps13-3HA with ZCdc31p
Strains MAY23 and MAY23 containing pRS314-ZCdc31p were grown 
in 2 liters of YPD at 30°C for 16 h, and 2 × 108 cells were harvested by 
centrifugation and digested with lyticase as described previously (Brick-
ner et al., 2001). Spheroplasts were washed twice with 0.7 M sorbitol, 
resuspended in 10 ml lysis buffer (7.5% glycerol, 50 mM Tris-Cl, pH 
7.8, 0.1 M NaCl, 5 mM EGTA, 1 mM EDTA, and 1% Triton containing 
one EDTA-free PI tablet; Roche), and homogenized with 10 strokes of 
a Dounce homogenizer. The lysates were centrifuged at 13,000 rpm 
for 10 min at 4°C, and the supernatant fractions were removed, sup-
plemented with 1.8 ml 1 M NaCl, and applied to 0.2-ml columns of 
IgG-Sepharose (GE Healthcare). The columns were washed with 20 ml 
wash buffer 1 (0.05% Tween 20, 150 mM NaCl, and 20 mM Tris HCl, 
pH 7.4) and 10 ml wash buffer 2 (5 mM NH4Ac, pH 5.0) and eluted 
with 1 ml of 0.5 M acetic acid, pH 3.4. The eluates were lyophilized 
and resuspended in SDS-sample buffer. Samples of the homogenate, 

flow-through, and eluted fractions from MAY23 and MAY23 express-
ing ZCdc31p were subjected to SDS-PAGE and transferred to nitro-
cellulose, and blots were probed with anti–HA antibody (top portion 
to detect Vps13-3HA) or anti–Cdc31 antibody (bottom portion). For 
detection of ZCdc31p, transfers were conducted for 2 h at 100 V.

EM of Vps13p
TAP-tag purified Vps13p was prepared for EM by the conventional 
negative-staining method using 0.75% uranyl formate (Ohi et al., 
2004). Imaging was performed at room temperature with a Tecnai 12 
transmission electron microscope (FEI) equipped with a LaB6 filament 
operated at an acceleration voltage of 120 kV using low-dose proce-
dures. 250 tilt pair images (0° and 60°) were recorded at 71,139× mag-
nification and ∼1.4 µm defocus on a Gatan US4000 CCD camera. All 
images were binned (2 × 2 pixels) to obtain a pixel size of 4.16 Å at the 
specimen level. 14,828 particle projections were manually selected and 
excised using WEB (Frank et al., 1996).

The projections of the untilted particles were used for refer-
ence-free alignment and classification using ISAC (iterative stable 
alignment and clustering; Fig. S3; Yang et al., 2012). For 3D recon-
structions, we used the random conical tilt technique (Frank et al., 
1996) to calculate initial back projection maps from the tilted particle 
projections of two individual classes using SPI​DER (system for pro-
cessing of image data from electron microscopy and related fields; 
Frank et al., 1996). After eight iterations of refinement, untilted particle 
projections were added to each tilted stack, and the images were sub-
jected to another cycle of angular refinement. Using the resulting maps 
filtered to 40 Å as reference model, we used REL​ION-1.3 (Scheres, 
2012) to calculate final reconstructions of the two classes. Each final re-
construction is based on 360 projections after contrast transfer function 
correction. The resolution of the maps was assessed by Fourier shell 
correlation and estimated to be ∼30 Å.

Online supplemental material
Fig. S1 complements Fig.  1 by demonstrating that membranes from 
vps13Δ cells are defective for TGN–PVC transport and TGN homo-
typic fusion when donor membranes contain full-length Kex2p as op-
posed to the Kex2-Vps10 chimera, K-V. Fig. S2 provides evidence that 
MSS from WT, but not vps13Δ cells rescues the TGN–PVC transport 
defect, that overexpression of Vps13p increases the efficiency of res-
cue, and that affinity depletion of Vps13p eliminates rescue. Fig. S3 
provides raw EM images, additional class average images, and elec-
tron micrograph analysis reconstructions of Vps13p ultrastructure. Fig. 
S4 presents PIP-strip binding by purified Vps13p. Fig. S5 presents 
analysis of the Vps phenotype of a set of temperature-sensitive mutant 
alleles of CDC31. Table S1 presents quantification of the PIP strip by 
Vps13p. Table S2 presents quantification of binding of Vps13p to lipo-
somes containing mixtures of PA with PI(3)P and PI(4)P. Table S3 con-
tains the sequences of primers used to subclone the conserved N- and 
C-terminal domains of Vps13p for expression in E. coli.
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