Multiple ER-Golgi SNARE transmembrane
domains are dispensable for trafficking but
required for SNARE recycling
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ABSTRACT The formation of soluble N-ethylmaleimide-sensitive factor attachment protein
receptor (SNARE) complexes between opposing membranes is an essential prerequisite for
fusion between vesicles and their target compartments. The composition and length of a
SNARE's transmembrane domain (TMD) is also an indicator for their steady-state distribution
in cells. The evolutionary conservation of the SNARE TMD, together with the strict require-
ment of this feature for membrane fusion in biochemical studies, implies that the TMD repre-
sents an essential protein module. Paradoxically, we find that for several essential ER- and
Golgi-localized SNAREs, a TMD is unnecessary. Moreover, in the absence of a covalent mem-
brane tether, such SNAREs can still support ER-Golgi vesicle transport and recapitulate es-
tablished genetic interactions. Transport anomalies appear to be restricted to retrograde
trafficking, but these defects are overcome by the attachment of a C-terminal lipid anchor to
the SNARE. We conclude that the TMD functions principally to support the recycling of Qb-,
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Qc-, and R-SNAREs and, in so doing, retrograde transport.

INTRODUCTION

Distinct sets of soluble N-ethylmaleimide—sensitive factor attach-
ment protein receptors (SNAREs) are required for the terminal step
of a variety of membrane fusion events in cells (Chen and Scheller,
2001; Jahn and Scheller, 2006). SNAREs are typically type Il integral
membrane proteins that use a signal recognition—particle indepen-
dent mechanism for insertion into the endoplasmic reticulum (ER;
Kutay et al., 1995). The length and composition of the transmem-
brane domain (TMD) correlates well with the physiological steady-
state distributions of these proteins (Sharpe et al., 2010). For some
SNAREs, features of the TMD also appear to play a role in the deg-
radation of rogue proteins that have breached their normal localiza-
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tion boundaries (Valdez-Taubas and Pelham, 2005). Furthermore, in
vitro assays that use SNARE-mediated liposome fusion have estab-
lished the compositional requirements that define both the arrange-
ment of vesicle SNAREs (v-SNAREs) and target SNAREs (t-SNAREs).
In all cases, there is an obligate requirement for a transmembrane
domain on the v-SNARE (Fukuda et al., 2000; McNew et al., 2000a,b;
Parlati et al., 2000). Such in vitro assays have been interpreted as
defining the functional v- and t-SNAREs in cells, and this is particu-
larly so for the SNAREs that function in ER-Golgi transport in bud-
ding yeast cells. Genetic studies also suggest a minimum number of
SNARE complexes functioning in ER-Golgi trafficking (Tsui et al.,
2001). Finally, ER-Golgi SNAREs have been shown to cycle between
the Golgi and the ER in a COPIl-dependent manner, which would
presumably require SNAREs to be integrally associated with mem-
branes via their TMDs (Ballensiefen et al., 1998). Thus the TMDS of
SNAREs have at least three crucial roles: mediating ER insertion of
the de novo-synthesized proteins, directing localization of SNAREs
within the endomembrane network, and mediating membrane fu-
sion. The importance of the SNARE TMD is reflected in its robust
evolutionary conservation.

RESULTS AND DISCUSSION

During the course of generating site-direct mutants in the ER/Golgi-
localized SNARE BET1, we discovered that cells expressing Bet1p
without a TMD (bet1pATMD) remained viable. This finding
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prompted us to examine whether TMDs might also be dispensable
for other SNAREs involved in ER-Golgi traffic. To this end, we estab-
lished a simple assay by which haploid cells in which the single chro-
mosomal copy of the essential candidate SNARE had been deleted
were balanced by a counterselectable copy of the wild-type gene
on a plasmid (Figure 1A). In two instances in which the candidate
SNARE gene was not essential (SEC22 and GOST), deletion of an
additional gene (GYPT) rendered these SNAREs essential for
growth. This assay was applied to Sed5p (Qa-SNARE) and its SNARE
binding partners (Figure 1B).

With the exception of Sed5p and Sec22p (Supplemental Figure
S1B), all other SNAREs tested could perform their essential function
in the absence of a TMD (Figure 1C). The majority of the viable
SNAREATMD strains grew robustly at the permissive temperature
for yeast cell growth (30°C), whereas vtiTATMD-, tlg1ATMD-, and
gosTATMD-expressing cells were somewhat temperature sensitive
(Figure 1C; 37°C). As judged by immunoblotting, four of the six
SNAREATMDs were expressed at or below wild-type levels, ruling
out overexpression as a possible generic explanation for cell survival
(Figure 1D and Supplemental Figure S1A). However, previous stud-
ies showed that yeast mutants with defects in ER-Golgi transport
have an activated unfolded protein response (UPR) and thus up-
regulate the expression of genes involved in trafficking (Jonikas
et al., 2009). To rule out the possibility that activation of the UPR
indirectly accounted for the viability of SNAREATMD cells, we de-
leted IRET from cells expressing SNAREATMDs. Nevertheless, the
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inability of yeast cells to activate the UPR did not prevent
SNAREATMDs from supporting the growth of their corresponding
deletion strains (Figure 1E and Supplemental Figure S1B), and thus
ER-Golgi SNAREs retain their essential function in the absence of a
TMD. We also addressed whether cells remained viable if more than
one SNARE lacked a TMD, but this is not the case, at least for BET1
and BOS1 (Supplemental Figure S1C). The functional significance of
this finding is uncertain, however, as perhaps the simplest explana-
tion is that loss of function reflects a synthetic effect between two
hypomorphic mutations.

The most obvious essential role of SNAREATMDs would be to
function together with their cognate SNARE binding partners as
membrane fusogens. Functional SNARE complexes are defined by
the so-called 3Q:1R rule, in which three SNAREs (defined as Qa-, b-,
and c-) donate an evolutionarily conserved glutamine residue to the
zero layer of the SNARE complex, and a single R-SNARE donates an
evolutionarily conserved arginine residue (Jahn and Scheller, 2006;
Figure 1B). To determine whether a SNAREATMD could still function
as part of a SNARE complex, we used an in vivo assay that identifies
functionally interacting SNAREs (Graf et al., 2005). We chose the only
SNARE complex amenable to such an approach, which comprised
Sed5p (Qa-SNARE), Bos1p (Qb-SNARE), Betlp (Qc-SNARE), and
Sec22p (R-SNARE). As previously reported, substitution of Bos1p’s
zero-layer glutamine with an arginine (QR) is lethal to cells, whereas a
compensatory substitution in Sec22p at the equivalent position, from
an arginine to a glutamine (RQ), restored the 3Q:R ratio and, with it,
cell viability (Graf et al., 2005; Figure 1F). Of
importance, these observations were reca-
pitulated with bosTATMD (Figure 1F), indi-
cating that bos TATMD does indeed function
as a SNARE.

To explore whether its ATMD counter-
part retained other well-documented
properties of a particular SNARE, we ex-
amined genetic interactions. BETT could
functionally substitute for SFT1T when pres-
ent on a high—copy number plasmid (Tsui
and Banfield, 2000), and betT ATMD could
also support the growth of sft1 A cells
(Figure 1G). This result is striking because
in these cells, a single SNAREATMD (bet1p
ATMD) could replace the function of two
otherwise essential v-SNARES—Bet1p and
Sft1p (McNew et al., 2000a; Parlati et al.,
2000). Additional genetic interactions with
SNAREATMDs were also conserved, as
bosTATMD could suppress the tempera-
ture sensitivity of bet1-1 cells (Shim et al.,
1991), albeit somewhat less effectively
than BOST (Supplemental Figure S1C).

The ability of a SNAREATMD to robustly
support growth does not necessarily mean
that yeast cells expressing such SNAREs are
free from any transport defects. We there-
fore systematically examined the transport
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FIGURE 1: ER-Golgi SNAREs lacking their transmembrane domains are functional. (A) Assay
used to determine whether SNAREs lacking a transmembrane domain are functional. (B) Sed5p
(Qa-SNARE) forms SNARE complexes with a Qb-, a Qc-, and a R-SNARE. (C) Growth profiles of
SNARE ATMD strains and WT1 (BY4741) and WT2 (SEY6210). (D) Immunostaining of whole-cell
extracts from wild-type (BY4741) and betTATMD cells with anti-Bet1p. Pgk1p serves as a gel
loading control. (E) Activation of the UPR does not account for the viability of betTATMD cells.
(F) bos1pATMD functions as a SNARE. (G) Genetic interactions observed with BET1 are
recapitulated with bet TATMD.

2634 | L.Chenetal.

of several proteins that traffic from the ER to
the Golgi, the vacuole, or the cell surface.
We first examined steady-state levels of ca-
nonical markers of ER-Golgi transport—the
soluble protein carboxypeptidase Y (CPY)
and the type | integral membrane protein
alkaline phosphatase (ALP). Intermediates in
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FIGURE 2: SNAREATMD strains are not defective in the anterograde
transport. (A) WCEs from SNAREATMD strains were assayed for
defects in the transport and processing of ALP and CPY by
immunoblotting with anti-ALP and anti-CPY antibodies. Pgk1p was
detected with an anti-Pgk1p antibody, and Pgk1p serves as a gel
loading control. For ALP, m and s denote processed forms localized
the vacuole, pro denotes ALP that has been delivered to the vacuole
but not processed by Pep4p, and ER denotes ALP that is localized to
the ER. sec12-4 cells are deficient ER export at 37°C, and pep12A
cells are deficient in transport from the Golgi to the prevacuolar
endosomal compartment. (B) WCEs from SNAREATMD strains were
treated with endoglycosidase H and then assayed for defects in the
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the transport of CPY and ALP are readily visualized by immunoblot-
ting (Figure 2A). In the majority of the SNAREATMD strains, a mod-
est amount of the ER precursor form of ALP could be seen, and in all
cases, the Pep4p-dependent cleavage products of ALP were evi-
dent and comparable to levels detected in wild-type cells (Figure
2A). Only vtiTATMD cells showed a substantial defect in the Pep4p-
dependent processing of ALP (pro ALP; Figure 2A). Comparable
results were obtained upon examination of CPY in SNAREATMD-
expressing cells. At steady state, only trace amounts of the ER form
of CPY were evident, except in the case of vtiTATMD cells, in which
there was a comparatively significant reduction in the amount of
mCPY. This result suggests that the bulk of CPY was mislocalized
and secreted from cells and indicates that vtiTATMD cells are not
defective in exocytosis (Figure 2A). Nonetheless, the transport and
processing of CPY and ALP to the vacuole was not completely
blocked in vtiTATMD cells, as the vacuolar forms of both proteins
are clearly evident (Figure 2A). Thus vtiTATMD cells are not entirely
deficient in anterograde transport to the prevacuolar endosome
(CPY) or to the vacuole (ALP), and the remaining SNAREATMD cells
were essentially indistinguishable from wild-type cells.

We next sought to establish whether SNAREATMD cells dis-
played any deficiencies in the transport or retention of membrane
proteins in the Golgi. To assess this, we examined the steady-state
levels of the Golgi-localized mannosyl transferase Kre2p. Kre2p re-
quires Vps74p for its retention in the Golgi, and cells lacking VPS74
mislocalize Kre2p to the vacuole, where it is degraded (Schmitz
etal., 2008; Tu et al., 2008). The vps74A cells retained ~40% of wild-
type levels of Kre2p, whereas the SNAREATMD strains retained
90-100% (Figure 2B). We therefore concluded that SNAREATMD
cells do not show a significant defect in the Golgi retention of the
type Il membrane protein Kre2p. Similarly, the distribution of the
Golgi-localized multispanning membrane protein Rer1p (Sato et al.,
2001) was largely unaffected in SNAREATMD cells (Figure 2C and
Supplemental Figure S2A). Thus SNAREATMD cells are not deficient
in COPI-mediated Golgi retention of Rer1p or Kre2p (Tu et al., 2012).

To ascertain whether SNAREATMD cells were defective in the
exocytic pathway from the Golgi, we examined the transport of an
endocytosis-defective variant of the exocytic SNARE Snclp (hereaf-
ter termed snc1pe™®; Lewis et al., 2000). In wild-type cells, snc1ped®
transits the ER and Golgi before being sorted into exocytic transport
vesicles that deposit snc1p®"® into the limiting membrane of the cell.
In all SNAREATMD cells, the transport of snc1pe"® to the cell surface
was indistinguishable from that of wild-type cells (Figure 2D and Sup-
plemental Figure S2B), and we therefore concluded that SNAREATMD
cells were not deficient in the exocytic transport of snc1pen.

Thus far, our data indicate that SNAREATMD cells were not de-
fective in anterograde transport or in the retention of Golgi-resident
membrane proteins (Figure 2 and Supplemental Figure S4). How,
then, can the extent of the transport defects observed for CPY and
ALP in vtiTATMD cells be accounted for? In one scenario, we posit
that these phenotypes are epistatic to an anterograde defect in ER-
Golgi transport. After fusion of anterograde vesicles with the Golg;,

retention of the mannosyltransferase Kre2p in the Golgi. vps74A cells
are defective in the Golgi retention of Kre2p. Deglycosylated Kre2p
was detected with an anti-Kre2p antibody. Pgk1p serves as a gel
loading control. (C) betTATMD cells are not defective in the Golgi
retention of multispanning membrane protein Rer1p. WT1, SEY6210;
WT2, BY4741; see Table 1. (D) betIATMD cells are not defective in
delivery of snc1pe"d° from the Golgi to the cell surface. FM4-64 was
used to visualize vacuoles.
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FIGURE 3: Lipid-anchored SNAREs restore transport defects apparent with SNAREATMDs.
(A) The lipidated form of vti1p (vti1/ykt6) supports the transport and processing of ALP and
CPY. (B) The lipidated form of vti1p (vti1/ykté) functions in the AP3-dependent transport of GNS To
to the limiting membrane of the vacuole. APL5 encodes the §-adaptin-like subunit of AP3.
Arrowheads indicate localization of GNS to the limiting membrane of the vacuole. (C) Cells
expressing the lipidated form of sft1p (sft1/ykt6) do not have fragmented vacuoles. FM4-64 is
used as marker of the yeast vacuole. (D) Cells expressing the lipidated form of sft1p (sft1/ykté)
are not defective in processing of the GPI (glycosylphosphatidylinositol)-anchored protein
Gas1p. EMP24 encodes a p24-family member, deficiencies in which result in a kinetic delay in
the ER-export of Gas1p. Here m denotes the mature form of Gas1p, and ER denotes the ER or
aberrantly glycosylated form of Gas1p. Pgk1p serves as a gel loading control. (E) sftTATMD cells
do not display a delay in the export of green fluorescent protein (GFP)-Gas1p from the ER.
Arrows indicate the ER/nuclear envelope. WT1, SEY6210; WT2, BY4741; see Table 1.

vti1pATMD would dissociate from its cognate cis-SNARE complex
and be released into the cytoplasm, depleting the membrane-asso-
ciated pool and effectively blocking Viti1p-dependent transport be-
yond the Golgi. This scenario is consistent with our observations and
would account for both the secretion of CPY and the abnormalities
in ALP processing we observed (Figure 2A). However, Vti1p binds to
four different Qa-SNAREs and participates in Golgi-vacuole trans-
port, Golgi—prevacuolar endosome transport, Golgi-endosomal
transport, and, in the cytoplasm, to the vacuole transport pathway
(Fischer von Mollard and Stevens, 1999). If all of these anterograde
transport steps were simultaneously blocked, we predict that
vtiTATMD cells would display significantly reduced viability (even
under standard temperatures for yeast cell growth), be defective in
the transport of FM4-64 dye to the vacuole (Vida and Emr, 1995),
and have highly fragmented vacuoles, but this is not the case (Figure
1C and Supplemental Figure S2, A and B). We therefore consider it
more likely that there is a quantity of vtiTpATMD that is still available

2636 | L.Chenetal.

FM 4-64

emp24A sftIATMD  sft1/ykt6 WT2

to function in anterograde transport from
the Golgi. In fact, vtiTATMD cells did contain
mature forms of both ALP and CPY, consis-
tent with the delivery of these proteins to
the vacuole (Figure 2A). The deficiencies in
CPY and ALP transport apparent in
vtiTATMD cells would then represent a ret-
rograde trafficking defect brought about by
the failure to recycle vtilpATMD. Indeed, a
failure to recycle the sorting receptor for
CPY (Vps10p) could equally well account for
the trafficking defects observed in vtiTATMD
cells. In any case, addition of a lipid anchor
to vtilp (vti1/yktép) restores the trafficking
of CPY to the vacuole and substantially im-
proved the transport/processing of ALP
(Figure 3A). There is evidence of a retro-
grade transport route for Vtilp from the
vacuole (Bryant et al., 1998), and we specu-
late that such trafficking is required for the
iterative cycles of Golgi—prevacuolar endo-
somal transport necessary for delivery of hy-
drolases such as CPY and ALP to the vacu-
ole. Significantly, sorting anomalies in other
SNAREATMD strains could also be rescued
by addition of a lipid anchor, including mis-
localization of GNS (GFP-Nyv1-Sncl; see
Table 2 in Materials and Methods) to the cell
surface that occurred in vtiTATMD cells
(Figure 3B), as well as the fragmented vacu-
olar phenotype and Gas1p transport delays/
processing defects observed for sftTATMD
cells (Figure 3, C-E).

acquire direct evidence that
SNAREATMD proteins were deficient in ret-
rograde transport, we examined the recy-
cling of Sec22p and its ATMD and lipidated
counterparts in sec12-4 cells. Whole-cell
extracts from sec12-4 cells (expressing
Sec22p and sec22pATMD or Sec22p and
sec22/yktép) grown at either the permissive
(25°C) or restrictive temperature (37°C) were
subjected to successive rounds of centrifu-
gation from which membranes that sedi-
ment at 13,000 x g (P13, corresponding to
the ER) and 100,000 x g (P100, corresponding to the Golgi) were
collected, solubilized, and analyzed by SDS-PAGE and immunob-
lotting (Figure 4A). As expected, Sec22p was retrieved from the
Golgi in sec12-4 cells at 37°C, but its subsequent export from the ER
was blocked, as evidenced by the absence of Sec22p from the P100
fraction (Figure 4A). By contrast, no equivalent redistribution was
observed for sec22pATMD, whereas the lipidated form of sec22p
(sec22/yktbp) behaved like wild-type Sec22p (Figure 4A). These
results are consistent with Sec22p functioning as a retrograde
v-SNARE (Burri et al., 2003) and reveal that Sec22p must be integral
to the membrane in order to be recycled from the Golgi to the ER.
Comparable findings were obtained using bos1pATMD and bos1/
yktép (Supplemental Figure S3).

We next sought to determine whether sec22pATMD and/or its
lipidated counterpart (sec22/yktép) could form a SNARE complex in
cells. Sec22p has been reported to form a SNARE complex with the
ER-resident SNAREs Ufelp, Uselp, and Sec20p in which Sec22p
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FIGURE 4: sec22pATMD cannot be retrieved from the Golgi to the
ER by vesicular transport. (A) sec22pATMD cannot traffic from the
Golgi to the ER. WCL, P13 (membrane pellet 13,000 x g), P100
(membrane pellet 100,000 x g), and S100 (supernatant 100,000 x g).
Pgk1p serves as a soluble protein marker of the cytosol.

(B) sec22pATMD does not form a SNARE complex with Ufe1p.
Quantification of the relative amount of sec22pATMD and sec22/
yktép copurified with strep-tagged Ufe1p is presented below.

(C) sec22ATMD does not suppress the temperature-sensitive growth
defect of ufe1-1 cells.

functions as the v-SNARE (Burri et al., 2003). We used yeast cells
bearing a temperature-sensitive mutation in SEC18 (sec18-1), which
are conditionally defective in the dissociation of trans-SNARE com-
plexes (Hay and Scheller, 1997). Mutant yeast cells expressing Strep-
tagged Ufelp (Strep-Ufelp) together with wild-type Sec22p and
sec22pATMD or wild-type Sec22p and sec22/yktép were grown at
either the permissive (25°C) or restrictive (37°C) temperature, after
which Strep-Ufe1p (and its associated proteins) were identified by
affinity purification and immunoblotting (Figure 4B). Both wild-type
Sec22p and sec22p/ykté could be robustly copurified with Strep-
Ufelp, whereas sec22pATMD could not. We therefore concluded
that only the recycling pool of Sec22p could associate with the
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ER-localized Ufe1p (Figure 4B). To determine whether sec22/yktép
was a functional v-SNARE, we took a genetic approach. SEC22 was
previously reported to act as a dosage suppressor of a temperature-
sensitive mutation in UFET, which would require retrograde trans-
port of Sec22p from the Golgi to the ER (Figure 4, A-C; Lewis et al.,
1997). Consistent with our hypothesis that SNAREATMDs are defi-
cient in retrograde transport, we found that sec22ATMD could not
suppress the temperature-sensitive phenotype of ufel-1 cells,
whereas the sec22/ykt6 chimera could, albeit less effectively than
SEC22 (Figure 4C).

In sum, our data reveal that the TMD of several ER and Golgi
SNAREs, including those that function as v-SNAREs (McNew et al.,
2000a; Parlati et al., 2000), are not required for their essential func-
tion, anterograde trafficking from the ER or Golgi, or their localiza-
tion in cells. How can we reconcile our findings with the currently
accepted view of how SNAREs are transported in cells and function
inmembrane fusion? The idea that a newly synthesized SNAREATMD
might be able to directly associate with its cognate SNAREs on ER
membranes may be unlikely, as neither ufe 1pATMD or use TpATMD—
two components of the ER t-SNARE—supports the essential func-
tion of their corresponding deletion strains (Lewis et al., 1997; Burri
et al., 2003; Supplemental Figure S4A). Similarly, the prospect that
SNAREATMDs are transported from the ER together with their cog-
nate partners is doubtful, as a COPIl-binding-deficient form of
Sed5p does not affect the incorporation of Bet1p, Bos1p, or Sec22p
into ER-derived vesicles (Miller et al., 2005). In addition, the COPII-
binding-deficient form of bet1pATMD (L'Q, L>*Q E>*Q, bet1p-3Q;
Mossessova et al., 2003) can still support the growth of betTA cells
(Supplemental Figure S4B). Thus newly synthesized SNAREATMDs
may be targeted to and transported from ER via a novel mechanism.
Finally, although we did not directly measure membrane fusion, it
would appear that, at the very least, a lipidated v-SNARE could me-
diate fusion in cells (Figure 4). Our observations on the viability and
transport characteristics of SNAREATMD:s are restricted to members
of the R-, Qb-, and Qc-SNARE families. Moreover, it appears that
the introduction of more than one SNAREATMD into cells is not
tolerated (Supplemental Figure S1C), although this may be a conse-
quence of a combinatorial reduction of SNAREATMDs on the mem-
branes on which they function rather than a reflection of any
minimum requirement for cognate SNAREs bearing a TMD.

Why, then, are TMDs of SNAREs evolutionarily conserved? Pre-
sumabily, for efficient and robust trafficking, cells must reuse compo-
nents of the transport and fusion machinery rather than rely exclu-
sively on de novo protein synthesis. The conservation of TMDs in
SNAREs therefore highlights the importance of retrograde transport
pathways in cells and in particular the need to recycle SNAREs.

MATERIALS AND METHODS

Materials

Strep-Tactin beads were purchased from IBA GmbH (Gottingen,
Germany). Protease inhibitors (EDTA-free complete protease inhibi-
tor cocktail, Pefabloc SC [4-(2-aminoethyl) benzenesulfonyl fluoride
hydrochloride]) and endoglycosidase H were purchased from Roche
(Mannheim, Germany). The anti-Pgk1p antibody was purchased
from Molecular Probes (Eugene, OR). Anti-Kre2p and anti-Sec22p
antibodies were from the Banfield Laboratory collection. The anti-
Gas1p antibody was kindly provided by Howard Riezman (University
of Geneva, Geneva, Switzerland). The anti-Strep tag antibody was
purchased from Qiagen (Chatsworth, CA). Anti-rabbit immunoglob-
ulin G (IgG) horseradish peroxidase (HRP) antibody, anti-mouse 1gG
HRP-conjugated antibody, and concanavalin A were all purchased
from Sigma-Aldrich (Poole, UK).

ER-Golgi SNARE TMDs are dispensable | 2637



All SNAREATMD and chimera strains were derived from SEY6210
or BY4741 wild-type strains, except vtiTATMD, which was derived
by sporulation and tetrad dissection from a SEY6210/BY4741 dip-
loid strain. Table 1 lists the yeast strains and Table 2 the plasmids
used in this study.

Methods

Yeast manipulation and plasmid counterselection assay. Plasmids
were transformed into mid log-phase yeast culture using lithium
acetate/single-stranded carrier DNA/polyethylene glycol method

(Gietz and Woods, 2002). For the plasmid counterselection assay,
cells were patch onto minimal medium with full amino acid
complement and 5-fluoroorotic acid (5-FOA,; Invitrogen, Carlsbad,
CA) at 1T mg/ml. A repatch on 5-FOA medium was carried out after
2 d to ensure complete loss of URA3-bearing plasmid.

Microscopy. Yeast transformants were transferred into selective
minimal medium and grown overnight at 25°C. Overnight cultures
were diluted to an ODgeg of ~0.2 into new selective minimal
medium or yeast extract/peptone/dextrose and shaken for 3 h at

Source

Genotype
SEY6210 MATo leu2-1, 112 ura3-52 his3A200 trp1A901 suc2A9
BY4741 MATo his3A1 leu2A0 met15A0 ura3A0
SARY160 MATa: leu2-1, 112 ura3-52 his3A200 trp1A901 suc2A9 sft1:LEU2, pSFT1[2p URA3 Prpjy SFT1]
SARY1347  MATa leu2-1, 112 ura3-52 his3A200 trp1A901 suc2A9 sft1::LEUZ2, psft IATMD[CEN TRP1 sftIATMD]
SARY1940  MATa leu2-1, 112 ura3-52 his3A200 trp1A901 suc2A9 sft1::LEU2, psft1/ykté [CEN TRP1 sft1/ykté]
SARY1389  MATO. leu2-1, 112 ura3-52 his3A200 trp1A901 suc2A9 sft1::LEU2, pSFT1[2u URA3 Prpyy SFTT],
irel::KanMX,
SARY260 MATo his3A1 leu2A0 ura3A0 bos1::KanMX, pBOS1 [2u URA3 gBOST]
SARY1933  MATw his3A1 leu2A0 ura3A0 bos1::KanMX, pbosTATMD [CEN LEU Prpj; bosTATMD]
SARY2618  MATa his3AT leu2A0 ura3A0 bos1::KanMX, pBOST [2u URA3 gBOS1], ire1::SpHis5
SARY270 MATo., his3AT leu2A0 met15A0 ura3A0 bet1::KanMX, pBET1 [2 p, URA3, gBET1]
SARY1895  MATw, his3AT leu2A0 met15A0 ura3A0 bet1::KanMX, pbetTATMD [CEN HIS Prpj; bet1ATMD]
SARY4379  bosTATMD::KI LEU2, bet1::KanMX, pBET1[2 y URA3, gBET1]
SARY2620  MATa, his3AT leu2A0 met15A0 ura3A0 bet1::KanMX, pBET1 [2 p, URA3, gBETT], ire1::SpHis5
SARY298 MATo his3A T leu2A0 met15A0 ura3A0 lys2A0 vtil::kanMX4, pVTIT [2u URA3 gVTI1]
SARY366  MATa trp1 vtil:KanMX
SARY1931  MATa trp1 vtil:KanMX pvtiTATMD [CEN TRP1 Prpjy vti1ATMD]
SARY1861  MATw trp1 vtil:KanMX pvti1/ykt6 [CEN TRPT Pypyq vtil/ykté]
SARY1944  MATo his3A1 leu2A0 ura3A0 tlg1::KanMX, ptlg TATMD [CEN HIS Prpjy tlgTATMD]
SARY1945  MATo his3A1 leu2A0 ura3A0 gyp1::KILEUZ2 gos1::KanMX, pgosTATMD [CEN HIS Prp;; gosTATMD]
SARY580  MATo his3A1 leu2A0 met15A0 ura3A0 pep12::KanMX
RSY263 MATo ura3 his4 sec12-4
RSY271 MATo ura3 his4 sec18-1
RSY1312 MATa leu2-3, 112 trp1 ura3-52 sec27-1
ANY112 MATo ura3-52 bet1-1
Y14317 MATo. his3A1 leu2A0 lys2A0 ura3A0 kre2::kanMX4
Y01428 MATo his3A T leu2A0 met15A0 ura3A0 vps74::kanMX4
Y01097 MATo: his3AT leu2A0 met15A0 ura3A0 alp5::kanMX4
Y04567 MATo: his3AT leu2A0 met15A0 ura3A0 emp24::kanMX4
UFE1 MATa, ura3, ade2, his, trp1, ufe1::TRP1, balanced with UFET in URA3 plasmid
MLY-101 MATo., ura3, ade2, his, trp1, ufe1::TRP1 containing pUT1 (ufe1-1, LEU2, CEN)
SARY1988  MATa, sporulated from Y24465 (from Open System YKO library) balanced with pRS416-gUSE1 plasmid
SED5 MATa, sed5::LEU2, pRS316-gSED5
SARY1313  MATa, sec22::KanMX, gyp1::KI LEU2, SEC22-URA3

Lab collection
Lab collection
Lab collection
This study
This study
This study

Lab collection
This study
This study
Lab collection
This study
This study
This study
Lab collection
Lab collection
This study
This study
This study
This study
EUROSCARF
Lab collection
Lab collection
Lab collection
Lab collection
EUROSCARF
EUROSCARF
EUROSCARF
EUROSCARF

M. Lewis
(MRC-LMB,
Cambridge, UK)

M. Lewis
Lab collection
Lab collection

Lab collection

EUROSCARF, European Saccharomyces cerevisiae Archive for Functional Analysis, Institute for Molecular Biosciences, Johann Wolfgang Goethe-University Frankfurt,

Frankfurt, Germany.

TABLE 1: Yeast strain used in this study.
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Plasmid

Description

Source

pRS413 CEN, HIS3 Lab collection

pSY413TC PRS413 carrying a 1-kb TPI1 promoter between Xhol and Hindlll sites and a 250-base pair This study
CYCT1 transcription terminator between Sacll and Sacl sites

pRS415 CEN, LEUZ2 Lab collection

pSY415TC PRS415 carrying a 1-kb TPI1 promoter between Xhol and Hindlll sites and a 250-base pair This study
CYC1 transcription terminator between Sacll and Sacl sites

pRS416 CEN, URA3 Lab collection

pSY416TC PRS416 carrying a 1-kb TPIT promoter between Xhol and Hindlll sites and a 250-base pair This study
CYC1 transcription terminator between Sacll and Sacl sites

pRS424 2u, TRP1 Lab collection

pSY424TC PRS424 carrying a 1-kb TPI1 promoter between Xhol and Hindlll sites and a 250-base pair This study
CYC1 transcription terminator between Sacll and Sacl sites

pRS426 2y, URA3 Lab collection

pSY426TC PRS426 carrying a 1-kb TPIT promoter between Xhol and Hindlll sites and a 250-base pair This study
CYC1 transcription terminator between Sacll and Sacl sites

psftIATMD sftIATMD (amino acids 1-125) coding sequence in pRS414 (CEN TRP1) Lab collection

psft1/ykté sft1/ykté (sftIATMD linked with coding sequence of last 8 amino acids of Yktép) in pRS414 This study
(CEN TRP1)

pSY58.2 vtiT1ATMD (amino acids 1-189) coding sequence as a EcoRI/BamHI fragment in pSY414TC This study
(CEN, TRP1)

pSY36.2 vti1/ykté (vtilTATMD linked with coding sequence of last 8 amino acids of Ykt6p) with VTI1 This study
promoter in pRS414 (CEN TRP1)

pSY16.1 BOST1 coding sequence with its own promoter in pRS415 (CEN, LEU2) This study

pSY60 BOS1 coding sequence with its own promoter as an Xhol/Sacl fragment in pRS426 (2u, URA3)  This study

pSY62 bosTATMD (amino acids 1-247) coding sequence as a Hindlll/BamHI fragment in pSY415TC  This study
(CEN, LEU2)

pSY63 bosTATMD coding sequence as a Hindlll/BamHI fragment in pSY426TC (2u, URA3) This study

pSY211.2 bosTATMD coding sequence in pSY416TC (CEN, URA3) This study

pSY20.3 bos1/ykté6 coding sequence in pSY416TC (CEN, URA3) This study

pSY171.1 bos1Q186RATMD coding sequence with its own promoter in pRS415 (CEN, LEU2) This study

pSY172.1 bos1Q186R coding sequence with its own promoter in pRS415 (CEN, LEU2) This study

pSY178 sec22R157Q coding sequence with its own promoter in pRS413 (CEN, HIS3) This study

pSY18 SEC22 coding sequence with TPI1 promoter in pRS416 (CEN, URA3) This study

pSY214.1 sec22ATMD (amino acids 1-184) with TPIT promoter in pRS416 (CEN, URA3) This study

pSY174.9 sec22/ykt6 (sec22ATMD linked with coding sequence of last 8 amino acids of Yktép) with This study
TPI1 promoter in pRS416 (CEN, URA3)

NAT- sec22ATMD  sec22ATMD with ClonNAT marker in pRS413TC (CEN, HIS3) This study

NAT-sec22/ykté sec22/ykt6 with ClonNAT marker in pRS413TC (CEN, HIS3) This study

pSY198.2 NStrep-UFE1 with TPI1 promoter in pRS416 (CEN, URA3) This study

pSY215.1 BET1 coding sequence as an EcoRI/BamHI fragment in pSY416TC (CEN, URA3) This study

pWT81 gBET1-pHUC13 from pHUC13 library Lab collection

pWT125.1 gBET1 as an EcoRI/BamHI fragment in pSY425 (2u, LEU2) Lab collection

pPSY151.1 bet1-3Q (L51Q, L54Q, E55Q) coding sequence in pSY425TC (2u, LEU2) This study

pSY42.3 betTATMD (amino acids 1-123) coding sequence as an EcoRI/BamHI fragment in pSY413TC  This study
(CEN, HIS3)

pSY44.1 betTATMD coding sequence as an EcoRIl/BamHI fragment in pSY424TC (2u, TRP1) This study

pSY154.1 bet1-3Q-ATMD coding sequence in pSY425TC (2, LEU2) This study

TABLE 2: Plasmids used in this study. Continues
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Plasmid Description Source

pSY75 tlgTATMD (amino acids 1-204) coding sequence as an EcoRI/BamHI fragment in pSY413TC This study
(CEN, HIS3)

pSY76 gosTATMD (amino acids 1-203) coding sequence as an EcoRI/BamHI fragment in pSY413TC  This study
(CEN, HIS3)

pSY95.2 gUSET in pRS425 ((2p, LEU2) This study

pSY97.2 use TATMD in pSY413TC (CEN, HIS3) This study

pSY96.3 UFE1 coding sequence in pSY413TC (CEN, HIS3) This study

pSY94.1 ufe TATMD in pSY413TC (CEN, HIS3) This study

GFP-Rerlp RER1T coding sequence with 3" untranslated region as a Mfel/BamHI fragment behind se- Lab collection

quences expressing GFP controlled by TPIT promoter in pRS416 (CEN, URA3)

GFP-snc1ende

Valine 40 and methionine 43 of Snc1p were both substituted to alanine; GFP was linked to

Lab collection

the N-terminal of this mutant, controlled by TPIT promoter in pRS416 (CEN, URA3)

pGNS
promoter in pRS416 (CEN, URA3)

pRS414-gSED5
pSY52.4

gSED5 in pRS414 (CEN, TRP1)

(2p, TRP1)
pGAS1-GFP

Coding sequence of TMD of GFP-Nyv1p was replaced by that of Snc1p, controlled by TPI1

sed5ATMD (amino acids 1-319) coding sequence as an EcoRl/BamHI fragment in pSY424TC

Coding sequence of GAS1-GFP in pRS416 (CEN, URA3)

H. Pelham
(MRC-LMB,
Cambridge, UK)
Lab collection
This study

Laura Popolo
(University of
Milan, ltaly)

TABLE 2: Plasmids used in this study. Continued

25°C. For experiments involving 37°C temperature incubations,
cultures were incubated in shaking water bath (at 37°C) and
transferred to an ice-chilled water bath immediately after
incubation. Cell suspensions in sterile water were placed onto glass
slides precoated with 1 mg/ml concanavalin A. Coverslips were
then applied and sealed with nail polish. Cells were immediately
examined using a Zeiss Axioskop (Carl Zeiss, Jena, Germany).
Images were obtained using a Spot RT3 monochrome digital
camera (Diagnostic Instruments, Sterling Heights, MI) and
processed using Adobe Photoshop, version 6.

Endoglycosidase H treatment. Endoglycosidase H digestion was
carried out according to the procedure described by Tu et al. (2008).
Cells were cultured at 25°C to mid logarithmic phase (ODgeq of
0.6-0.8). The cell pellets were incubated with 0.1 M NaOH at room
temperature for 5 min. The cells were resuspended in 100 pl of SDS
sample buffer containing 1x EDTA-free complete protease inhibitor,
1 mM Pefabloc, and 5 mM dithiothreitol, incubated at 100°C for
5 min, and centrifuged for 1 min at 13,000 rpm. Soluble fractions
were supplemented with 5 mU of endoglycosidase H and 80 mM
potassium acetate, pH 5.6, after which samples were incubated at
37°C for 2 h. Mock samples were treated and incubated in the same
way but without the addition of endoglycosidase H.

Differential centrifugation. Differential centrifugation was per-
formed based on Holthuis et al. (1998) with the following modifica-
tions. sec22ATMD- or sec22/ykté-containing sec12-4 cells were
cultured at 25°C to mid logarithmic phase (ODyg of 0.6-0.8), or were
shifted to 37°C for 1 h after 25°C culturing. Cells were harvested,
spheroplasted, and resuspended in 10 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid, pH 7.5, 12.5% sucrose, and a 1x
protease inhibitor cocktail (EDTA-free Complete). The suspension
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was lysed with Dounce homogenizer by 15 strokes at 4°C. The lysate
was centrifuged at 500 x g for 10 min at 4°C. The supernatant was
collected as whole-cell lysate (WCL). WCL was centrifuged at
13,000 x g for 10 min, and the supernatant was collected as P13 (ER,
plasma membrane, and vacuole fractions). P13 was subjected to cen-
trifugation at 100,000 x g for 1 h at 4°C in a TLS55 rotor (Beckman,
Brea, CA) to separate the P100 (Golgi, endosome, and small vesicle
fraction) and S100 (cytoplasm; Lewis and Pelham, 1996; Wooding
and Pelham, 1998). Proportional amounts of the WCL, P13, P100,
and S100 were subjected to SDS-PAGE and immunoblotting using
anti-Sec22p, anti-Bos1p, and anti-Pgk1p antibodies.

Coprecipitation assay. The sec18-1 cells were cotransformed with
either pSY2114.1 (sec22ATMD) or pSY174.9 (sec22/ykté) together
with pSY198.2 (Strep-Ufe1p; see Table 2). Transformants were grown
at 25°C to mid logarithmic phase (ODgep of 0.6-0.8) or shifted to
37°C for 1 h after 25°C culture. After spheroblast preparation, the
equivalent of 60 ODggp cells were lysed in 1 ml of lysis buffer
containing 0.1% Triton X-100, 100 mM Tris/HCI, pH 8, 1 mM EDTA,
150 mM NaCl, and a 1x protease inhibitor cocktail. WCL was
incubated with 50 pl of Strep-Tactin beads at 4°C for 1 h. After three
washes, beads were subjected to SDS-PAGE and immunoblotting
using anti-Strep and Sec22p antibodies.

Quantification of immunoblots

Differential centrifugation. After immunoblotting, corrected inte-
grated density measurements (in which background densities were
subtracted) were made of relevant bands from x-ray films using Im-
ageJ, version 1.48 (imagej.nih.gov/ij). Data are expressed as ratios
(e.g., integrated density of P13/integrated density of P13 + P100)
and are represented graphically below the immunoblot image (Sup-
plemental Figure S3).
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Coprecipitation. After immunoblotting, corrected integrated
density measurements (in which the background densities were
subtracted) were made of relevant bands from x-ray films using
ImageJ, version 1.48. Data were generated and plotted as follows.
At each of the two temperatures, the ratio of the corrected integrated
density of sec22ATMD coprecipitated with the corrected integrated
density of Strep-Ufe1p (sec22ATMD/Strep-Ufe1p) was arbitrarily set
to 1. The equivalent values for sec22p/ykt6/Strep-Ufe1p were then
determined based on the data from sec22ATMD/ Strep-Ufelp.
Thus, at 25°C, ~10-fold more sec22p/ykté coprecipitated with Strep-
Ufe1p than did sec22ATMD (Figure 4, B and C).
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