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Background: Sec22 assembles into protein complexes to catalyze membrane fusion events in the early secretory pathway.
Results: A cysteine cross-linking approach to probe Sec22 arrangements in cellular membranes revealed efficient homodimer

formation.

Conclusion: Sec22 homodimers are dynamic intermediates necessary for efficient intracellular transport.
Significance: First evidence for Sec22 homodimers and suggests Sec22 promotes assembly of higher-order fusion complexes.

Soluble N-ethylmaleimide-sensitive factor attachment pro-
tein receptor (SNARE) protein complexes play essential roles in
catalyzing intracellular membrane fusion events although the
assembly pathway and molecular arrangement of SNARE com-
plexes in membrane fusion reactions are not well understood.
Here we monitored interactions of the R-SNARE protein Sec22
through a cysteine scanning approach and detected efficient for-
mation of cross-linked Sec22 homodimers in cellular mem-
branes when cysteine residues were positioned in the SNARE
motif or C terminus of the transmembrane domain. When spe-
cific Sec22 cysteine derivatives are present on both donor COPII
vesicles and acceptor Golgi membranes, the formation of disul-
fide cross-links provide clear readouts on trans- and cis-SNARE
arrangements during this fusion event. The Sec22 transmem-
brane domain was required for efficient homodimer formation
and for membrane fusion suggesting a functional role for Sec22
homodimers. We propose that Sec22 homodimers promote
assembly of higher-order SNARE complexes to catalyze mem-
brane fusion. Sec22 is also reported to function in macroau-
tophagy and in formation of endoplasmic reticulum-plasma
membrane contact sites therefore homodimer assembly may
regulate Sec22 activity across a range of cellular processes.

Intracellular membrane fusion events in the eukaryotic
secretory pathway depend on a family of membrane-bound
SNARE proteins to catalyze the bilayer fusion stage (1, 2). The
SNARE family is characterized by a conserved 60—-70-amino
acid heptad repeat region, termed SNARE motif, adjacent to a
transmembrane or lipidic anchor. Several lines of evidence
indicate that specific sets of SNARE proteins form stable com-
plexes through assembly of their SNARE motifs into parallel
four-helix coiled-coil bundles. During membrane fusion, the
regulated assembly of SNARE complexes from opposed mem-
branes in trans is thought to drive bilayer fusion. Post-mem-
brane fusion SNARE complexes in cis are disassembled through
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an ATP- and NSF-dependent reaction that recycles the SNARE
machinery for subsequent rounds of membrane fusion (3).

Crystallographic analyses of the synaptic and endosomal
SNARE complexes has provided critical insight into the molec-
ular architecture of this fusion machinery (4—6). These struc-
tures indicate that SNARE motifs are assembled into stable
four-helix bundles with multiple layers of hydrophobic residues
contributing to the stable core of the SNARE complex. An ionic
layer of residues or “zero layer” lies near the center of the four-
helix bundle and appears to be a conserved feature of several
distinct SNARE complexes (4). This layer typically consists of
one arginine residue contributed by a synaptobrevin-like pro-
tein, or R-SNARE, and three glutamine residues contributed
from three Q-SNARE helices (7). Although a great deal is
known about the structural requirements for SNARE complex
assembly, SNARE protein dynamics in the context of mem-
brane fusion events remain poorly understood. There are spe-
cific limitations in approaches to detect short-lived intermedi-
ates during SNARE-dependent membrane fusion and to
monitor low affinity protein-protein or protein-lipid interac-
tions that are likely to drive SNARE complex assembly (8). To
address these issues we are developing new probes and in vitro
assays to monitor SNARE-catalyzed fusion in the yeast ER*-
Golgi transport stage.

Genetic, biochemical, and morphological studies in yeast
indicate that Sec22 (an R-SNARE) plus Sed5, Bosl, and Betl
(three Q-SNAREs) assemble into a SNARE complex and cata-
lyze fusion of ER-derived vesicles with Golgi membranes (9). A
cell-free ER-Golgi transport assay reconstituted with yeast
components has provided a tractable model to dissect mecha-
nisms of SNARE-dependent membrane fusion (10). We have
generated a molecular model for the ER-Golgi SNARE complex
based on known SNARE structures (11) and used this informa-
tion to probe the fusion mechanism. Insertion of cysteine pairs
into contact regions of an ER-Golgi SNARE complex allows us
to monitor specific sites of interaction during fusion of ER-de-
rived vesicles with Golgi membranes. A Betl-Sec22 cross-
linked heterodimer was detected when ER-derived vesicles

2The abbreviations used are: ER, endoplasmic reticulum; NEM, N-ethylma-
leimide; Cu®*/phen, Cu(1,10-phenanthroline),SO,; gpaf, glycopro-a-fac-
tor; BAPTA, 1,2-bis(2-aminophenoxyl)ethane-N,N,N',N'-tetraacetic acid.
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bearing a specific cysteine derivative of Betl were fused with
Golgi membranes containing a cysteine derivative of Sec22.
Formation of this cross-linked heterodimer was temperature
and time dependent and required the same components known
to function in this fusion event. Moreover, the rate of het-
erodimer formation mirrored the rate of Golgi-specific carbohy-
drate modification of a secretory protein substrate used in this
cell-free fusion assay to measure luminal content mixing (11).

In this study, we report that in addition to the formation of
Sec22-Betl heterodimers, Sec22 homodimers were readily
detected when cysteine derivatives of Sec22 were examined
under oxidizing conditions. Sec22 disulfide cross-linked
homodimers were efficiently produced when cysteine residues
were inserted into specific positions of the SNARE motif or the
C-terminal transmembrane segment. Our studies indicate that
Sec22 homodimer assembly is dynamic, functionally impor-
tant, and can be used to report on distinct topological stages of
SNARE catalyzed fusion. We propose that Sec22 and possibly
other R-SNARE proteins connect SNARE complexes into
higher ordered arrangements for efficient bilayer fusion.

EXPERIMENTAL PROCEDURES

Plasmids and Plasmid Construction—A yeast expression vec-
tor for a C-terminally 3HA-tagged Sec22 (pRS313-SEC22-
3HA) was constructed by first introducing a silent AfIII restric-
tion site at position +637 in the SEC22 ORF on pRS313-SEC22
(12). A 3HA fragment (including additional stop codons) was
obtained by PCR amplification of pFa6-3HA-His3MX6 (13)
using 5" and 3’ primers containing AflII restriction sites. Fol-
lowing AflII digestion and ligation, clones were screened to
identify proper directional orientation of the 3HA tag. Addi-
tionally, the SEC22—-3HA region containing both 5" and 3" UTR
was subcloned into pRS316 (14) via the NotI and Sall restriction
sites (pRS316-SEC22-3HA).

To generate pRS316-BOSI, a ~3.2-kb fragment containing
the BOSI coding sequence was obtained by Kpnl and HindIII
digestion of pAN105 (15). This fragment was gel purified and
further digested with Xmal to yield a ~1.7-kb BOSI-containing
fragment. The Kpnl-Xmal BOSI fragment was then inserted
into the Kpnl and Xmal restriction sites of pRS316.

The transmembrane-swap construct pRS316-SEC22-
BOS1TM(D153C) consisting of the Sec22 cytoplasmic region
(amino acids 1-192) and the Bosl transmembrane segment
(amino acids 223-244) was obtained as follows: the DNA
region coding for the Bos1 transmembrane segment was ampli-
fied from pRS316-BOSI. The corresponding PCR product
(~400 bp) was digested with BglII and Kpnl and ligated into a
~6 kb fragment derived from Bcll, and Kpnl digestion of
pRS316-SEC22(D153C) (11).

Cysteine residues were introduced into Sec22 by site-di-
rected mutagenesis using the QuikChange kit (Stratagene). A
plasmid list is provided in Table 1 and sequences of oligonu-
cleotide primers used in the construction of these plasmids are
available upon request. All of the constructs were sequence ver-
ified by automated fluorescent sequencing using an Applied
Biosystems 3730 DNA analyzer.

Yeast Strains and Media—All Saccharomyces cerevisiae
strains were derivatives of BY4742 (Invitrogen). Yeast strains
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TABLE 1
Plasmids used in this study
Plasmid description Source

pRS313-SEC22 Ref. 12
pRS313-SEC22-3HA This study
pRS316-SEC22-3HA This study
pRS313-SEC22(D153C) Ref. 11
pRS316-SEC22-3HA(D153C) This study
PRS313-SEC22(K144C) This study
pRS313-SEC22(1146C) This study
PRS313-SEC22(S148C) This study
PRS313-SEC22(S175C) This study
pRS313-SEC22(L189C) This study
pRS313-SEC22(A201C) This study
PRS313-SEC22(L213C) This study
pRS316-SEC22-3HA(L213C) This study
pRS316-BOSI This study
pRS316-SEC22-BOS1TM(D153C) This study

CBY740 (Mata his3 leu2 ura3 lys2), CBY773 (Mata his3 leu2
ura3 lys2 sec22A:KAN), and CBY1584 (Mata his3 leu2 ura3
lys2 sec22A::KAN with pRS313-SEC22(D153C)) have been pre-
viously described (11). To generate strains expressing only
Sec22-cysteine derivatives, corresponding plasmids were trans-
formed into strain CBY773 using the lithium acetate method
(16). For the preparation of semi-intact cells or microsomal
membranes, strains were grown in selective medium (0.67%
nitrogen base without amino acids, 2% dextrose, and required
supplements) and then back-diluted and grown in rich medium
(1% Bacto-yeast extract, 2% Bacto-peptone, and 2% dextrose)
for several doublings until the Ay, was between 0.6 and 0.8.
Standard yeast protocols were used (17).

Antibodies and Immunoblotting—Antibodies directed
against Sec22 (18), Sly1 (11, 19), Och1 and Erv41 (20), Yif1 (21),
Bosl1 (22), Sec61 (23), Sed5 (10), Gosl (24), and al,6-mannose
linkages (25) have been described previously. Monoclonal
anti-HA antibody was purchased from Sigma. Polyclonal anti-
Cog3 antibodies were raised against a purified GST-Cog3 (resi-
dues 8 —293) fusion protein expressed from pGEX-3X (GE Health-
care). Western blots were developed using the SuperSignal
WestPico chemiluminescent substrate (Pierce Chemical) and
developed on both films and with a UVP Bioimaging System.

In Vitro Budding and Transport Assays—Semi-intact cells
from wild-type and Sec22 mutant strains were prepared as pre-
viously described (26). Microsomes were isolated to generate
ER-derived vesicles for two-stage transport assays (27). Vesicle
budding, tethering, and transport assays following [*>*S]glyco-
pro-a-factor (gpaf) have been previously described (10, 25).
Briefly, two-stage transport reactions were set-up such that ER-
derived vesicles containing Sec22(D153C) or Sec22(L213C)
were incubated with acceptor membranes expressing
Sec22HA(D153C) or Sec22HA(L213C), respectively. The
amount of a1,6-mannose modification of [**S]gpaf and the
extent of formation of disulfide cross-linked Sec22p
homodimers (22 X 22HA) were monitored in parallel reac-
tions as described (11).

Oxidative Cross-linking of Cysteine-containing SNAREs—
Disulfide cross-linking of SNAREs from semi-intact cells and
two-stage transport reactions was performed as previously
described (11). Briefly, cross-linking of cysteine-containing
SNAREs within washed semi-intact cells was induced by the
addition of freshly prepared Cu(1,10-phenanthroline),SO,
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(Cu®" /phen) to a final concentration of 200 um for 15 min. The
reactions were quenched with 5X SDS-PAGE non-reducing
sample buffer containing excess N-ethylmaleimide to quench
any remaining free sulfhydryls. After heating and brief centrif-
ugation to pellet insoluble material, a portion of the sample was
resolved by non-reducing SDS-PAGE, transferred onto nitro-
cellulose, and blotted with the indicated antibodies. Cross-link-
ing of two-stage transport reactions was initiated by the addi-
tion of Cu”>*/phen following the completion of the transport
reaction. After quenching with N-ethylmaleimide, the reac-
tions were centrifuged to pellet membranes. The membranes
were solubilized in 2X non-reducing SDS-PAGE buffer,
resolved by non-reducing SDS-PAGE, transferred onto nitro-
cellulose, and probed with the indicated antibodies. For densi-
tometric analysis, bands on immunoblots were quantified using
Labworks software package (UVP).
Immunoprecipitations—Native immunoprecipitations of
Bosl from detergent-solubilized membranes were performed
as previously described (18) but with a few modifications.
CBY740 containing pRS313-SEC22-3HA and CBY773 con-
taining pRS313-SEC22-3HA(D153C) were used to prepare
semi-intact cell membranes. Washed membranes were mock-
treated or oxidized with 200 um Cu®* /phen for 15 min and then
quenched with excess NEM. Membranes were pelleted, resus-
pended, and then solubilized on ice in 0.1 ml of lysis buffer (25
mM HEPES, pH 7, 150 mMm potassium acetate, 0.5 mm PMSF,
and 1% Triton X-100) for 10 min. The solubilized extracts were
centrifuged at 20,000 X g to pellet any insoluble material. The
supernatant fraction was diluted 5-fold with immunoprecipita-
tion buffer (25 mm HEPES, pH 7, 150 mM potassium acetate,
and 0.1% Triton X-100) and mixed with anti-Bos1 antibodies
cross-linked to protein A-beads. This mixture was incubated at
4°C for 2 h, followed by multiple washings of the beads in
immunoprecipitation buffer. The bound proteins were eluted
from the beads by heating in SDS-PAGE sample buffer at 95 °C
for 3 min. Proteins were resolved on polyacrylamide gels and
transferred to nitrocellulose membranes for immunoblot.
Native immunoprecipitations of Sed5, Slyl, and Gos1 from
detergent-solubilized membranes were performed using semi-
intact cell membranes from CBY773 strains expressing
Sec22HA or Sec22HA(D153C). Washed membranes were
mock-treated or oxidized with 200 um Cu®*/phen for 15 min
and then quenched with excess NEM. Membranes were solu-
bilized on ice in 0.45 ml of lysis buffer (15 mm Tris-HCI, pH 7.4,
150 mm NaCl, 5 mm EDTA, 1 mm PMSF, and 1% Triton X-100)
for 15 min. The solubilized extracts were centrifuged at
20,000 X g and 0.4 ml of the supernatant fraction was diluted
with 0.7 ml of lysis buffer, then mixed with 1.5-2.0 ul of the
indicated antiserum and protein A-magnetic beads (Pierce) at
10 ul of beads/ul of antiserum. After incubation at 4 °C over-
night, beads were washed multiple times with cold immunopre-
cipitation buffer (15 mm Tris-HCI, pH 7.4, 150 mMm NaCl, and
1% Triton X-100). Bead-bound complexes were eluted by heat-
ing in SDS-PAGE sample buffer at 75 °C for 10 min. Eluted
proteins were resolved on polyacrylamide gels and transferred
to nitrocellulose membranes for immunoblot detection.
Subcellular Fractionation—Membrane fractions enriched in
ER (P13) or Golgi (P100) were prepared from semi-intact cells (28).
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FIGURE 1. Position of cysteine substitutions in Sec22. Schematic represen-
tation of Sec22 showing the N-terminal longin domain (amino acids 1-124),
SNARE motif (amino acids 132-186), and tail-anchor transmembrane (TM)
domain (amino acids 189-212). The eight residues mutated to cysteines for
this study are indicated by asterisks and the arrows show the relative amino
acid positions.

) SNARE mo

Approximately 4 A,q, units of semi-intact cells were diluted to 1
ml with lysis buffer (0.4 M sorbitol, 150 mm KOAc, 20 mm HEPES,
pH 7.0, 2 mm Mg(OAc),, 1 mm PMSF) and lysed with a Dounce
homogenizer (10 strokes) on ice. Unlysed cells were cleared by
centrifuging the homogenate at 2500 X g for 10 min at 4 °C, and
the supernatant fraction was centrifuged at 13,000 X g for 10 min
at4 °Cto generate a p13 pellet (ER). The supernatant from the p13
fractionation was further centrifuged (100,000 X g for 15 min at
4°C) to generate a p100 membrane pellet (Golgi). Both p13 and
p100 pellets were solubilized in 30 ul of 5X sample buffer, resolved
by SDS-PAGE, and analyzed by immunoblot.

RESULTS

Sec22 Forms Disulfide Cross-linked Homodimers between
Cysteine Residues in SNARE Motifs—In our previous report
(11), cysteine-disulfide cross-linking was used to monitor het-
eromeric interactions between adjacent proteins assembled
into ER-Golgi SNARE complexes. Briefly, unique cysteine res-
idues were positioned within the SNARE motifs of Betl and
Sec22 such that under oxidizing conditions a disulfide cross-
linked Betl-Sec22 heterodimer formed that was resolved by
non-reducing SDS-PAGE and detected by immunoblot. Inter-
estingly, during our study of Bet1-Sec22 heterodimer formation,
we detected a Cu®*/phen-dependent higher molecular weight
protein species appearing in semi-intact cell membranes harbor-
ing certain Sec22-cysteine derivatives alone and not in membranes
containing wild-type Sec22. In our current study we generated a
series of cysteine replacements into the SNARE motif and trans-
membrane domain of Sec22 (Fig. 1) and performed experiments to
identify the nature of these cross-linked species.

As shown in Fig. 2, the addition of Cu”>*/phen to membranes
expressing Sec22-cysteine derivatives caused a decrease of
Sec22 monomer (~25-kDa; solid arrowhead) with a commen-
surate increase in a ~50-kDa immunoreactive species (solid
diamond). The extent of formation and the mobility of the
50-kDa immunoreactive species varied depending on the loca-
tion of the engineered cysteine residues within the SNARE
motif of Sec22. Under oxidizing conditions, we observed an
~80% reduction in the amount of the Sec22 monomeric species
when cysteines replaced specific residues to produce K144C,
1146C, and D153C. However, considerably less formation of the
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FIGURE 2. Sec22 SNARE motif cysteine-derivatives shift to higher molec-
ular weight species under oxidizing conditions. Washed semi-intact cells
expressing the indicated cysteine derivatives of Sec22 in CBY773 were incu-
bated in the absence (—) or presence (+) of 0.2 mm Cu®*/phen as described
under “Experimental Procedures.” After 15 min under oxidizing conditions,
the reactions were terminated with sample buffer (containing NEM) and incu-
bated at 70 °C for 5 min. Proteins were resolved by nonreducing SDS-PAGE
(10%) and immunoblotted with anti-Sec22. A solid diamond indicates the
position of the Sec22 cross-linked species, whereas a solid arrowhead indi-
cates the position of wild-type Sec22.

50-kDa immunoreactive species was observed when cysteines
were introduced to generate S148C and S175C. Because the
Sec22(D153C) variant yielded a high level of cross-linked
adduct, we chose this mutant for further characterization.

We hypothesized that this oxidant-dependent 50-kDa spe-
cies was most likely a Sec22-homodimer because the apparent
molecular mass in non-reducing SDS-PAGE was approxi-
mately twice that of a Sec22-monomer. However, this molecu-
lar weight coincidence does not rule out the possibility that
Sec22 was disulfide cross-linked to some unknown protein of a
similar size. To test if Sec22 dimers were forming in semi-intact
cell membranes, we constructed a CEN-based plasmid contain-
ing SEC22 fused in-frame with a triple-HA epitope at its C
terminus. Expression of Sec22HA (~31 kDa) in a sec22A strain
was fully complemented when grown at 37 °C indicating the
triple HA epitope did not interfere with biogenesis and function
of Sec22 (data not shown). When Sec22HA(D153C) mem-
branes were exposed to oxidizing conditions, a protein species
(22HA X 22HA) having the expected mobility of a Sec22HA
dimer was recognized by anti-Sec22 and anti-HA antibodies
(Fig. 3, upper and lower panels, respectively). Furthermore,
when Sec22(D153C) and Sec22HA(D153C) were co-expressed
in the same strain, a new oxidant-dependent protein band
(22 X 22HA) appeared on anti-Sec22 and anti-HA immunob-
lots that was not present in strains expressing only one of the
SEC22 cysteine derivatives (Fig. 3). Additionally, because this
new cross-linked band had a mobility between that of the two
Sec22 homodimers, mixed Sec22-homodimers (22 X
22HA) must form that consist of Sec22(D153C) and
Sec22HA(D153C). Variable amounts of unidentified cross-
linked species were also observed in some experiments and are
indicated by asterisks on Fig. 3. These products may result from
cross-linking of Sec22(D153) to other cellular proteins. How-
ever, these unidentified products did not interfere with detec-
tion of cross-linked Sec22 homodimers.

Sec22 Homodimers Are Associated with Bosl—Sec22 is
known to assemble into ternary SNARE complexes with Bosl1,
Betl, and Sed5 (22) that catalyze membrane fusion (29). Previ-
ous experiments demonstrated that immunoprecipitation of
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FIGURE 3. Sec22(D153C) and Sec22HA(D153C) form mixed homodimers
when both derivatives are expressed in the same strain. Washed semi-
intact cells expressing the indicated cysteine derivatives of Sec22 and
Sec22HA in CBY773 were incubated in the absence (—) or presence (+) of 0.2
mm Cu"/phen. After quenching reactions with NEM, proteins were resolved
on non-reducing 10% SDS-PAGE and immunoblotted with anti-Sec22 or anti-
HA. Positions for the Sec22-Sec22 homodimer (22 X 22), Sec22-Sec22HA
mixed dimer (22 X 22HA), and Sec22HA-Sec22HA homodimer (22HA X 22HA)
are indicated by arrows. Arrows also show the positions of monomeric Sec22
and Sec22HA. The asterisks indicate unidentified cross-linked products.

Bos1 from membrane-solubilized extracts efficiently recovered
SNARE complexes containing Sec22 (18). To test if the Sec22
homodimer was incorporated into SNARE complexes or if
homodimer assembly precluded association with other SNARE
proteins, we used the Sec22HA(D153C) variant to capture
Sec22 dimers and monitored their co-association with Bosl in
immunoprecipitation experiments.

As seen in Fig. 4, under native immunoprecipitation condi-
tions Bosl was efficiently recovered (~50%) from detergent-
solubilized extracts. The monomeric forms of both Sec22HA
and Sec22HA(D153C) were efficiently co-immunoprecipitated
with Bos1 in the absence or presence of Cu®"/phen-induced
cross-links as expected. Importantly, after inducing disulfide
cross-links into Sec22HA(D153C), ~2% of Sec22HA(D153C)
dimers immunoprecipitated with Bos1 indicating that Sec22
dimers can assemble into SNARE complexes with Bos1. These
results demonstrate that Sec22 homodimer formation does not
prevent stable association with other SNARE proteins.

To determine whether Sec22 homodimers assemble into
complexes with other components of the ER/Golgi SNARE
machinery, native immunoprecipitation experiments were
conducted with anti-Sed5 and anti-Sly1 antibodies after induc-
ing Sec22HA(D153C) cross-links. As shown in Fig. 5, Sec22HA
homodimers were specifically detected in complex with the
Q-SNARE protein Sed5 and the SM protein Slyl that binds to
Sed>5. These results indicate that Sec22 homodimers are incor-
porated into ER-Golgi SNARE complexes with Bos1, Sed5, and
Slyl.In addition, a fraction of Sec22 homodimers were detected
in complex with Gos1 (Fig. 5C), a Q-SNARE protein that func-
tions in intra-Golgi transport (30). This finding suggests that

SASBMB

VOLUME 290-NUMBER 17+APRIL 24,2015



Cu?*/phen - - + + - -+ 4+
T IP T IP T IP T IP

Bos1 —— @ — - - - e

. - = 22HA x 22HA
anti-

HA
e WS . mme Scc22HA

Yifl - -_—

Sec22HA Sec22HA(D153C)

FIGURE 4. Sec22 homodimers are associated with Bos1. Washed semi-in-
tact cells expressing Sec22HA in CBY740 and Sec22HA(D153C) in CBY773
were incubated in the absence (—) or presence (+) of 0.2 mm Cu?*/phen.
After quenching reactions with NEM, membranes were solubilized with Tri-
ton X-100. Total solubilized extracts (T) and anti-Bos1immunoprecipitates (/P)
were resolved by non-reducing SDS-PAGE and immunoblotted for the indi-
cated proteins. Total lanes represent 1/20 of the solubilized extracts loaded in
the IP lanes. Yif1 is an integral membrane ER/Golgi protein and serves as a
specificity control for the IP. Note recovery of the Sec22HA homodimer after
cross-linking the D153C variant and IP with anti-Bos1 (far right lane).

Sec22 homodimers may operate in other Sec22-dependent pro-
cesses beyond fusion of ER-derived vesicles with Golgi
membranes.

Mixed Sec22(D153C) Cross-linked Homodimers Are Formed
during in Vitro Two-stage Transport Assays—Having demon-
strated the ability of Sec22 to form homodimers, we next inves-
tigated whether a Sec22-Sec22HA cross-linked species could be
generated in cell-free transport assays as a reporter for mem-
brane fusion. In two-stage transport reactions, COPII vesicles
generated from Sec22(D153C) microsomes were incubated
with Sec22HA(D153C) acceptor membranes in the presence of
purified Usol and LMA1. At the end of the transport assay,
parallel reactions were processed to measure Golgi-specific
[**S]gpaf modification or were oxidized with Cu®>*/phen to
induce disulfide bond formation between Sec22(D153C)-
Sec22HA(D153C) complexes and monitored on polyacryl-
amide gels. The inclusion of [**S]gpaf in the transport experi-
ments provided an internal standard for vesicle fusion, and
allowed us to compare the functional requirements for
[*°*S]lgpaf transport and mixed Sec22-homodimer (22 X 22HA)
formation.

As shown in Fig. 6, the addition of Usol and LMAL1 to the
transport reactions stimulated [**S]gpaf modification reflect-
ing increased fusion of vesicles with acceptor Golgi mem-
branes. The addition of fusion factors to transport reactions
also produced the ~50-kDa Sec22-Sec22HA cross-linked
species recognized by the anti-Sec22 antibody. Additional con-
trols confirmed that the Sec22-Sec22HA cross-linked species
was a direct result of transport. Under the conditions where
reactions were carried out in the absence of fusion factors, or
incubated on ice, only low levels of [**S]gpaf transport and
cross-linked Sec22-Sec22HA were detected.

Studies in mammalian cells have implicated Ca®>" in mem-
brane fusion events from the ER-Golgi intermediate compart-
ment (ERGIC) to the Golgi complex and for intra-Golgi trans-
port (31-33). However, other SNARE-dependent intracellular
fusion events in the early secretory pathway do not appear to
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FIGURE 5. Sec22 homodimers are associated with SNARE protein com-
plexes. Washed semi-intact cells expressing Sec22HA in CBY773 and
Sec22HA(D153C) in CBY773 were incubated in the absence (—) or presence
(+) of 0.2 mm Cu?*/phen. Reactions were quenched with NEM and mem-
branes were solubilized in Triton X-100 forimmunoprecipitation of the target
proteins Sed5, Sly1, or Gos1. Total solubilized extracts (T) and immunoprecipi-
tates (IP) were resolved by non-reducing SDS-PAGE and immunoblotted for
theindicated proteins. A, protein recovered in Sed5 immunoprecipitations. B,
proteins recovered in SlyT immunoprecipitations. C, proteins recovered in
Gos1 immunoprecipitations. Total lanes represent 1/20 of the solubilized
extracts loaded in the IP lanes. Erv41 serves as a specificity control and was
not efficiently recovered in immunoprecipitation reactions. Note the
Sec22HA dimer (22HA X 22HA) was recovered after cross-linking the D153C
variant in Sed5, Sly1, and Gos1 immunoprecipitations.

require Ca>" (33, 34). In yeast, addition of metal chelators such
as EGTA or BAPTA inhibited apparent ER-Golgi transport as
measured by Golgi-specific outer chain modification of
[**Slgpaf (35, 36). However, for fusion of COPII vesicles with
Golgi acceptor membranes, we demonstrated that formation of
cross-linked Bet1-Sec22 complexes from opposed membranes
was not inhibited by EGTA or BAPTA and instead our studies
suggested that metal chelators deplete Golgi membranes of
Mn?** required for outer chain modification of [**S]gpaf by
mannosyltranferase enzymes (11). To test if metal chelators
influenced formation of the Sec22-Sec22HA cross-linked prod-
uct when produced from fusion of Sec22(D153C) vesicles and
Sec22HA(D153C) Golgi membranes, reactions were con-
ducted in the presence of 3 mm EGTA (Fig. 6). Addition of
EGTA inhibited Golgi-specific modification of [**S]gpaf to

JOURNAL OF BIOLOGICAL CHEMISTRY 10661



Sec22 Homodimer Formation

40
Sec22(D153C)

w
o
L

+EGTA

% Transport
N
o

-
o
1
pra—

o -
Temp (°C) 4 23 23 23 23
Acceptor + + + - +
Recon - + + +
Sec22 - - 22 x 22HA

Cog3 mms " W -

FIGURE 6. Mixed Sec22-Sec22HA(D153C) homodimers form during in
vitro vesicle fusion reactions. Two-stage transport reactions in which COPII|
vesicles containing [>*Slgpaf were synthesized from microsomes expressing
Sec22(D153C) in strain CBY1584 and mixed with Golgi acceptor membranes
containing Sec22HA(D153C) in strain CBY773. Reactions were incubated at
the indicated temperatures for 60 min in the presence of an ATP regeneration
system and (+) or (—) the Uso1 and LMAT1 fusion factors (Recon) to reconsti-
tute transport. EGTA (3 mm) was added to reactions as indicated. The bar
graph plots the amount of Golgi-modified [**Slgpaf to determine the trans-
port percentage as a readout of vesicle fusion. Immunoblots of parallel reac-
tions were probed with antibodies against Sec22 and Cog3 (loading control)
to monitor the level of Sec22-Sec22HA dimer formation. For [**Slgpaf trans-
port, data points are the average of duplicate reactions and the error bars
represent the range.

background levels as expected, whereas formation of disulfide
cross-linked Sec22-Sec22HA was not affected. These collective
results demonstrate that a specific Sec22-Sec22HA homodimer
forms under conditions required for transport of [**S]gpaf and
that homodimer assembly is not sensitive to metal chelation by
EGTA.

Sec22 Homodimers Probed with Cysteine Residues Positioned
in Transmembrane and Luminal Segments—SNARE motifs are
structurally well characterized protein-protein interaction
domains, however, far less is known regarding arrangements of
SNARE protein transmembrane domains. It has been reported
thatSNAREproteintransmembranesegmentsmediatehomo-
dimerization and promote efficient membrane fusion (37—
39). Moreover, structural studies suggest that SNARE com-
plex transmembrane domains align and extend through the
membrane bilayer (6). To explore if Sec22 transmembrane
domains are aligned in Sec22 homodimers, we introduced
cysteines at positions L189C and A201C within the trans-
membrane segment (residues 187-112) and at position
L213C, which is predicted to be just past the transmembrane
domain and located in the lumen. Membranes were prepared
from sec22A strains harboring CEN-based plasmids express-
ing these mutant proteins and disulfide cross-linking
induced with Cu®>"/phen. As observed in Fig. 7A, no cross-
linked adduct was detected in WT and L189C membranes,
whereas a minor product was detected in the A201C version.
Strikingly, the L213C derivative generated an efficient cross-
linked product of the size predicted for a Sec22 homodimer.
To confirm the homodimer arrangement, Sec22(L213C) and
Sec22HA (L213C) were coexpressed in the sec22A strain and
membranes were treated with oxidant to induce disulfide
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FIGURE 7. Cysteines positioned in the Sec22-transmembrane domain and
luminal C terminus form disulfide cross-linked homodimers. Washed
semi-intact cells expressing the indicated cysteine derivatives of (A) Sec22 or
(B) Sec22 and Sec22HA in CBY773 were incubated in the absence (—) or pres-
ence (+) of 0.2 mm Cu?*/phen. After quenching reactions with NEM, proteins
were resolved by non-reducing 10% SDS-PAGE and immunoblotted with
anti-Sec22 or anti-HA. Arrows show the positions of monomeric and cross-
linked forms of Sec22. The asterisk indicates a nonspecific cross-reactive
species.

cross-links. Immunoblots with anti-Sec22 and anti-HA anti-
bodies (Fig. 7B) revealed cross-linked species of the expected
sizes for Sec22 and Sec22HA homodimers as well as the
mixed Sec22-Sec22HA homodimer of intermediate size.
Based on these results, we conclude that Sec22 transmem-
brane segments are partially aligned in Sec22 homodimers.
Moreover, efficient disulfide cross-linking of luminally posi-
tioned L213C residues provides a new tool to monitor fusion
of luminal compartments.

Mixed Sec22(L213C) Cross-linked Homodimers Are Formed
in Two-stage Transport Assays—To determine whether forma-
tion of this mixed Sec22(L213C) homodimer could serve as an
accurate readout for fusion of Sec22 containing compartments,
we again performed two-stage transport assays that contained
Sec22(L213C) COPII vesicles and Sec22HA(L213C) Golgi
acceptor membranes (Fig. 8). Under conditions that reconsti-
tuted efficient transport of [*°S]gpaf to Golgi membranes,
Sec22(L213C)-Sec22HA (L213C) mixed homodimers were pro-
duced as observed for the Sec22(D153C) derivatives in Fig. 6.
Addition of 3 mm EGTA to chelate divalent metals potently
inhibited Golgi-specific modification of [>*S]gpaf but did not
diminish formation of mixed Sec22(L213C)-Sec22HA(L213C)
cross-linked homodimers. These findings are consistent with
our results using the D153C derivative and further confirm that
Ca®" is not required for fusion of COPII vesicles with Golgi
membranes. Importantly, analysis of the luminally positioned
Sec22(L213C) derivative excludes the possibility that disulfide
cross-links formed between D153C residues within the Sec22
SNARE motif could reflect trans-SNARE complexes or hemi-
fused membranes states.

We also performed a kinetic analysis of mixed Sec22(L213C)
homodimers that formed in reconstituted two-stage trans-
port assays (Fig. 9). Here formation of the cross-linked Sec22
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FIGURE 8. Formation of Sec22-Sec22-HA(L213C) homodimers in vesicle
fusion reactions demonstrates luminal compartment mixing. Two-stage
transport reactions in which COPIl vesicles containing [>**Slgpaf were synthe-
sized from microsomes expressing Sec22(L213C) in CBY773 and mixed with
Golgi acceptor membranes containing Sec22HA(L213C) expressed in
CBY773. Reactions were incubated at the indicated temperatures for 60 min
in the presence of an ATP regeneration system and (+) or (—) the LMA1 and
Uso1 fusion factors (Recon) to reconstitute transport. EGTA (3 mm) was added
to reactions as indicated. The bar graph plots the amount of Golgi-modified
[**Slgpaf to reflect vesicle fusion. Immunoblots of parallel reactions were
probed with antibodies against Sec22 and Sly1 (loading control) to monitor
the level of Sec22-Sec22HA mixed dimer formation.
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FIGURE 9. Time course of [>*Slgpaf transport and Sec22(L213C)-
Sec22HA(L213C) mixed dimer formation. Transport reactions were assem-
bled with Sec22(L213C) vesicles containing [**Slgpaf and Sec22HA(L213C)
acceptor membranes in the presence of fusion factors and an ATP regenera-
tion system. The reactions were incubated at 23 °C for various times and then
processed to determine the amount of Golgi-modified [>**Slgpaf (closed cir-
cles) or Sec22-Sec22HA mixed dimer (closed squares). The amounts of a1,6-
mannose precipitable [**Slgpaf and of mixed Sec22 dimer from the immuno-
blot (inset) were plotted as a percentage of maximum levels over time. Sly1
immunoblot serves as a loading control.
homodimer product and Golgi-specific modification of
[**S]gpaf displayed time dependence with production of the
disulfide cross-linked species detected as early as 5 min into
the time course. Indeed, we observed that formation of
mixed Sec22(L213C) cross-linked product was faster relative
to Golgi modification of [>*S]gpaf and suggests that outer-
chain glycosylation of [**S]gpaf lags fusion of these Sec22
containing compartments.

Role of the Sec22 Transmembrane Domain in Homodimer
Formation—Our cross-linking analyses of the Sec22(A201C)

and Sec22p(L213C) derivatives indicated that the transmem-
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FIGURE 10. Sec22-transmembrane domain influences dimerization effi-
ciency. Washed semi-intact cells expressing the indicated cysteine-deriva-
tives of Sec22 and Sec22-Bos1TM in CBY773 were incubated in the absence
(—) or presence (+) of 0.2 mm Cu?*/phen for 15 min. After terminating the
reactions with sample buffer containing NEM, proteins were resolved by non-
reducing 10% SDS-PAGE and immunoblotted with anti-Sec22. Arrows shows
the position of the cross-linked forms of Sec22 (22 X 22) and Sec22-Bos1TM
(22 X 22TM).

brane regions in Sec22 homodimers are closely aligned. To
investigate whether the Sec22 transmembrane segment influ-
ences homodimer formation and membrane fusion, we gener-
ated a chimeric protein in which amino acid residues from the
Bosl transmembrane segment replaced the corresponding res-
idues in Sec22. This chimera also included the D153C mutation
to monitor formation of cross-linking between Sec22(D153C)
and Sec22-Bos1TM(D153C). Initial characterization of this
chimera (Fig. 10) shows that the protein is stably expressed but
when exposed to Cu®"/phen, the membrane swapped variant
displayed a greatly reduced level of disulfide cross-linking rela-
tive to the standard Sec22(D153C) derivative. Although cross-
linked homodimer formation was reduced, a low level was
reproducibly detected suggesting that the Sec22 transmem-
brane segment may stabilize homodimers but was not abso-
lutely required for their assembly.

To examine the biological consequences of reduced
homodimer formation, we monitored the growth rate of cells
expressing Sec22-Bos1TM(D153C) as the sole source of Sec22
and measured the efficiency of ER-Golgi transport in vitro using
membranes prepared from these cells. In a serial dilution
growth assay (Fig. 11A), both Sec22(D153C) and Sec22-
Bos1TM(D153C) supported wild-type growth rates, whereas
the sec22A strain was strongly thermosensitive. However,
in vitro assays with membranes containing the Sec22-
Bos1TM(D153C) chimera revealed a ~35% reduction in COPIIL
vesicle budding and a minimal affect on Usol-dependent teth-
ering relative to wild-type (Fig. 11B). Overall transport effi-
ciency was reduced by ~50% when compared with wild-type
(Fig. 11C) indicating further defects in the vesicle fusion stage.
Sec22 is known to function in both anterograde and retrograde
fusion stages between the ER and Golgi (40) therefore partial
loss of function with the Sec22-Bos1TM(D153C) chimera is
likely to influence both ER and Golgi function. Although ER
budding and vesicle fusion with Golgi membranes was compro-
mised with the chimera, we note that the overall expression
level and subcellular distribution of Sec22-Bos1TM(D153C)
was not detectably altered compared with the wild-type protein
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FIGURE 11. Sec22-Bos1TM membranes display modest defects in budding and transport. A, SEC22(D153C) and SEC22-BOST1TM(D153C) suppress sec22A
temperature sensitivity. Serial dilutions of WT (CBY740), sec22A (CBY773),and sec22A (CBY773) expressing Sec22(D153C) or Sec22-Bos1TM(D153C) strains were
spotted on YPD plates and incubated at 25 and 37 °C. B, membranes expressing Sec22-Bos1TM display budding defects in vitro. Washed semi-intact cell
membranes were prepared from strains expressing Sec22(D153C) or Sec22-Bos1TM(D153C). Membranes were mock treated (NA), incubated with COPII
proteins or COPII proteins plus Uso1 at 23 °C for 30 min, and freely diffusible vesicles were quantified to assess levels of vesicle budding and tethering. C,
membranes expressing Sec22-Bos1TM(D153C) display in vitro transport defects. Washed semi-intact cell membranes were incubated with COPII, Uso1, and
LMAT1 proteins to reconstitute transport. Over a time course at 23 °C, the amount of Golgi-modified [**Slgpaf was measured to determine transport efficiency.
Error bars represent the range of duplicate determinations. D, subcellular fractionation of lysed spheroplasts to enrich ER (P13) and Golgi (P100) membranes
followed by immunoblot for Sec22 in addition to Sec61 (ER) and Och1 (Golgi) markers.

(Fig. 11D). These findings show that the Sec22 transmembrane
segment is necessary for efficient homodimer formation and for
efficient ER-Golgi transport providing support for a model in
which Sec22 homodimers are functionally significant in traf-
ficking between ER and Golgi compartments.

DISCUSSION

In this study we examined SNARE protein assemblies and
topological arrangements that accompany fusion of COPII ves-
icles with Golgi membranes. A cysteine cross-linking analysis of
Sec22 indicated that this R-SNARE protein forms homodimers
that are efficiently captured when cysteines are positioned at
specific locations within the SNARE motif and surprisingly in
transmembrane or luminal regions. These distinct cysteine
probes in Sec22 can be used in cell-free vesicle fusion assays to
monitor formation of mixed homodimers in trans or in post-
fusion cis arrangements. Our results show that fusion of COPII
vesicles with Golgi membranes does not depend on Ca*"
because formation of mixed trans- and post-fusion cis-Sec22
homodimers was not inhibited by the chelating agent EGTA.
Sec22 homodimers were also detected in association with other
ER-Golgi and intra-Golgi Q-SNARE proteins suggesting that
these SNARE complexes assemble into multimers to catalyze
Sec22-dependent fusion processes. Finally, the native Sec22
transmembrane sequence was necessary for efficient homo-
dimer formation and for efficient transport between ER and
Golgi membranes indicating a physiological role for homo-
dimer formation. The collective findings support a model in
which higher-order oligomerization of ER-Golgi SNARE com-
plexes drive efficient fusion of COPII vesicles with Golgi accep-
tor membranes.

Several lines of investigation have shown that specific
SNARE proteins form homodimers and can assemble into
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higher-order arrangements. The R-SNARE synaptobrevin
2/VAMP?2 has been shown through cross-linking and binding
studies to form homodimers in vitro (37, 41, 42) and biomo-
lecular fluorescence approaches indicate that VAMP2 mole-
cules dimerize in cells (43). Moreover, these studies indicate
that the VAMP2 transmembrane domain and adjacent residues
near the cytosol-membrane interface are required for stable
dimer formation (37, 42, 43). We similarly observed that the
R-SNARE Sec22 assembles into homodimers and that its trans-
membrane domain is needed for efficient homodimer forma-
tion. Both monomeric and dimeric forms of Sec22 were
detected in cellular membrane preparations suggesting that
homodimer assembly is reversible and dynamic.

Although R-SNARE proteins appear to play a prominent role
in multimerization, there is also evidence for Q-SNARE protein
homodimer formation in studies on Vam3 (38) and Ssol (39,
44). Again, the transmembrane domains of these Q-SNAREs
are needed for homodimerization and for formation of supra-
molecular SNARE assemblies (39, 45). For other ER/Golgi
SNARE proteins, we did not detect efficient formation of disul-
fide cross-linked homodimers when cysteine residues were
inserted into Q-SNARE proteins Sed5 and Betl, although this
analysis was not exhaustive (data not shown). It is noteworthy
that SNARE proteins are often detected in clusters or segregated
into specific membrane domains and there are likely multiple
mechanisms that could drive SNARE complexes into higher-order
structures or clusters depending on their site of function or mode
of regulation (46). Both protein-protein and protein-lipid interac-
tions are reported to act synergistically in concentrating SNARE
proteins into membrane fusion zones (47, 48).

The mechanisms by which supramolecular SNARE complex
assemblies function in membrane fusion are not well under-
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stood. Estimates for how many SNARE complexes are needed
for a single intracellular membrane fusion event range from one
to nine (49 -52). In vitro membrane fusion studies show that
mutation of transmembrane residues needed for Vam3 SNARE
homodimer formation inhibit the hemifusion to fusion transi-
tion, although fusion can still proceed under certain conditions
(45). In vivo analyses of transmembrane domain mutations in
syntaxin-1 and VAMP2 that interfere with oligomerization
show moderate affects on neurotransmitter release but remain
competent for membrane fusion (43, 53). Indeed, full replace-
ment of SNARE protein transmembrane domains with lipid
anchors in neuronal cells supports efficient synaptic vesicle
fusion with only modest effects on fusion properties (54). Our
findings on a transmembrane swapped form of Sec22 are in
accord with these results. With diminished Sec22 homodimer
assembly, no secretion or growth defects were observed in vivo
although in vitro assays revealed decreased levels of fusion
between COPII vesicles and Golgi acceptor membranes. These
collective results suggest that transmembrane domain-depen-
dent formation of SNARE homodimers is not required for
membrane fusion events but somehow influences fusion effi-
ciency. Itis also possible that other protein or lipid components
in SNARE-dependent fusion reactions promote higher-order
assemblies in the absence of transmembrane domains. More
recent work using minimally reconstituted fusion reactions
where proteoliposome size can be controlled indicates that
small vesicles fuse efficiently with single to low numbers of
SNARE complexes, whereas dozens of SNARE complexes were
necessary for fusion of large liposomes (55). Therefore variable
levels of SNARE complex assemblies could be employed to fuse
distinct intracellular membranes.

Our cross-linking results show that Ca®>" is not absolutely
required for SNARE complex assembly or membrane fusion
between COPII vesicles and Golgi acceptor membranes in cell-
free transport reactions. Earlier studies on ER-Golgi transport
had suggested a calcium requirement for the fusion stage (31,
36, 56) but our previous (11) and current work indicate that
apparent transport inhibition by Ca>* chelation is due to inhi-
bition of the luminal glycosylation enzymes that report on
fusion. Ca®* clearly plays a critical role in triggered synchro-
nous fusion of synaptic vesicles (57) but is not thought to be
directly required for many intracellular membrane fusion reac-
tions (58). However, there is ample evidence that Ca>" levels
play an important regulatory role in membrane fusion events
through both in vivo and in vitro studies (58 — 60). Specific Ca*>*
sensors and modes of regulation are still not well understood
for membrane fusion. Therefore, use of disulfide cross-linkable
probes in Sec22 and other SNARE proteins may provide robust
assays for Ca®"-dependent regulation of membrane fusion in
complex cell-free reactions.

Recent studies have revealed that Sec22 also functions in cel-
lular processes beyond ER-Golgi transport. A subset of SNARE
proteins that includes Sec22 is required in early stages of
autophagy for autophagosome biogenesis in yeast (61). In ani-
mal cells, Sec22 has been shown to connect ER with the plasma
membrane in neurons to support axonal and dendritic growth
(62). Here ER-localized Sec22 assembles in trans with plasma
membrane syntaxins and has a non-fusogenic role in lipid
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transfer between compartments. How Sec22 functions in
autophagy and in generating ER-PM contact sites, or whether
Sec22 homodimers are involved in these processes is not
known. Use of cysteine probes in the Sec22 SNARE motif and
transmembrane segment could provide powerful tools for dis-
section of these newly described cellular processes.
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