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ABSTRACT: Vesicles in eukaryotic cells transport cargo between functionally distinct membrane-bound
organelles and the plasma membrane for growth and secretion. Trafficking and fusion of vesicles to specific
target sites are highly regulated processes that are not well understood at the molecular level. At the
plasma membrane, tethering and fusion of secretory vesicles require the exocyst complex. As a step toward
elucidation of the molecular architecture and biochemical function(s) of the exocyst complex, we expressed
and purified the exocyst subunit Sec6p and demonstrated that it is a predominantly helical protein.
Biophysical characterization of purified Sec6p by gel filtration and analytical ultracentrifugation experiments
revealed that Sec6p is a dimer. Limited proteolysis defined an independently folded C-terminal domain
(residues 300805) that equilibrated between a dimer and monomer in solution. Removal of residues
300-410 from this construct yielded a well-folded, monomeric domain. These results demonstrate that
residues 300410 are necessary for dimerization, and the presence of the N-terminal regi@9q)L
increases dimer stability. Moreover, we found that the dimer of Sec6p binds to the plasma membrane
t-SNARE Sec9p and inhibits the interaction between Sec9p and its partner t-SNARE Ssolp. This direct
interaction between the exocyst complex and the t-SNARE implicates the exocyst in SNARE complex
regulation.

In eukaryotic cells, vesicle-mediated transport is required sufficient to confer the necessary targeting specificiy (
to transfer membrane and luminal contents between or-10). In addition to the SNARESs, each step in membrane
ganelles and export materials to the cell surface. Specific trafficking utilizes a unique hetero-oligomeric tethering
trafficking of vesicles to their target membrane is necessary complex and/or a long dimeric coiled-coil tethering protein
for maintaining the appropriate organization of membrane (2, 11). These tethering proteins interact with vesicle and
compartments in the cell, as well as ensuring cell survival target membrane proteins to physically link the membranes.

and growth. Regulation of membrane targeting and fusion |t js this combination of both tethering and subsequent
has been attributed to a number of essential cellular factors,SNARE-mediated docking that leads to specific vesicle

including the soluble NSF attachment protein receptor argeting.
(SNAREY proteins and large tethering complexes such as
the exocyst (for review, see refs-3). The SNARE proteins,
present on either the vesicle (v-SNARE) or the target
membrane (t-SNARE), are central to the membrane fusion c@lléd the exocyst (Sec6/8 comple, 13). The complex
process 4—7). Pairing of cognate v- and t-SNARES into consists of eight proteins: Sec3p, Sec5p, Sec6p, Sec8p,

SNARE complexes brings the two apposed membranes intoS€¢10p, Secl5p, Exo70p, and Exo82p (4). In yeast, the
close proximity, facilitating fusion of the lipid bilayers. €Xocyst localizes to the tip of the growing bud and to the

Although SNARESs are localized to distinct intracellular Mother-daughter neck before cytokinesis. Phenotypic analysis

compartments, evidence suggests that they may not beof yeast temperature-sensitive mutants indicates that the
exocyst is required for secretory vesicle fusion, at a step prior
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In exocytosis, secretory vesicles are tethered to the plasma
membrane by an evolutionarily conserved protein complex
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The exocyst complex may also regulate SNARE complex MonoQ 10/10 anion-exchange column (Amersham Pharma-
assembly and subsequent membrane fusion. Previously, wecia Biotech) in a 20 mM Tris buffer at pH 8 using linear
showed that an N-terminal domain of the t-SNARE Ssolp gradients of 206400, 106-500, or 206-400 mM NacCl,
inhibits binding of its C-terminal SNARE motif to the partner respectively. Each protein was subsequently run on a
t-SNARE Sec9pZ5—27). We hypothesized that this inhibi-  Superdex 200 16/60 gel filtration column (Amersham Phar-
tion functioned to impart spatial and temporal control on macia Biotech) in KPhos buffer (10 mM potassium phos-
exocytosis and would be released by a regulator(s) (“opener”)phate at pH 7.4 containing 140 mM KCI and 1 mM DTT,
localized to sites of secretion. Members of the exocyst unless otherwise specified). Fractions were run on SDS
complex are excellent candidates for regulators of the PAGE and stained with Coomassie blue. Those fractions
SNARE complex formation: they are properly localized, containing>95% pure protein were pooled. The majority
show genetic interactions with the SNAREs, and their of the biophysical studies were performed with the ¢His
temperature-sensitive phenotypes are consistent with a roleaffinity tag attached. For some experiments, however, the
prior to SNARE complex assemblyl%—17, 28—31). Hiss tag was removed by thrombin protease cleavage,
However, no direct interaction had previously been detected followed by MonoQ anion-exchange chromatography. Pro-
between the SNAREs and any of the exocyst subunits.  teins were concentrated using centrifugal spin concentrators

Characterization of the individual exocyst subunits has (Millipore). Protein concentrations were determined either
been obtained through genetic approaches in yeast, two-by measuring the absorbance at 280 nm or by a ninhydrin

hybrid analyses, and co-immunoprecipitationsimfuitro
translated, radiolabeled componentg, (32, 33). In yeast,

protein assay36). Proteins were frozen in KPhos buffer
containing 10% glycerol at 80 °C. The yield of each protein

the exocyst subunit Sec15p associates with secretory vesiclesvas generally 0.52 mg/L of bacterial cell culture. All of

through interactions with the Rab family GTPase Se&®. (
The complex is localized to sites of exocytosis at the bud
tip and mother-bud neck, likely through the interactions of
Sec3p and Exo70p with Rho family GTPas88)( Sec5p is
likely to be the structural core of the complex, because it
interacts with five of the other subunitd4, 32). Little is
known about the functions of the remaining subunits,
including Sec6p35). The co-immunoprecipitation experi-

ments revealed interactions between Sec6p and both Sec5p

and Sec8p 32), but further characterization had not been
done.

the purified proteins were soluble t82 mg/mL, with no
detectable aggregation.

The cytoplasmic regions of the SNARE proteins Ssolp,
Snc2p, and Sec9p were purified as descritigh). (For all
experiments, we used the C-terminal SNAP-25 homologous
domain of Sec9p (residues 41651; referred to as Sec9p);
this domain has been shown to be fully functiomalkivo
(29).

Analytical Gel Filtration Experiments were performed on
either a Superdex 200 10/30 or Superose 6 10/30 column
(Amersham); both have a bed volume of 24 mL. Proteins at

Here, we describe the biochemical and biophysical proper- varying concentrations (typically 16@00uL of 1—10uM)

ties of the yeast exocyst subunit Sec6p. Purified Sec6p is aere 10aded onto the column pre-equilibrated in KPhos
helical dimeric protein and contains a well-folded C-terminal p ear containing 1 mM DTT, and eluted peaks were

domain. A 111-amino acid sequence located between the N-

and C-terminal domains is important for dimerization.
Moreover, we show that the Sec6p dimer directly binds the
t-SNARE Sec9p and inhibits Sec9p from binding its cognate
t-SNARE, Ssolp. These data suggest a role for Sec6p an
therefore the rest of the exocyst complex in the regulation
of SNARE complex assembly and membrane fusion.

EXPERIMENTAL PROCEDURES

Protein Expression and Purificatio®Genes encoding full-
length Sec6p (£805) and the various truncations were
amplified by polymerase chain reaction and cloned into the
Ndd and BanHlI sites of pET15b vector (Novagen), which
introduced a 6-histidine tag (Hjsat their N termini. All
constructs were confirmed by sequencing.

All proteins were expressed kscherichia colBL21(DE3)
cells. To maximize protein solubility, cells were grown at
37°C in Luria Bertani medium to an OD at 600 nm of 6.3
0.4. Cells were shifted to 2T until the OQo reached 0.6
0.8. Protein expression was induced with -6013 mM
isopropylf-p-thiogalactoside, and cells were grown for 3 h
more at 20°C. Cells were harvested and frozen-&80 °C
until lysis. His-tagged proteins were purified using nickel
NTA resin (Qiagen)s-Mercaptoethanol (5 mM) or dithio-
threitol (DTT, 1 mM) was used in all buffers. Full-length
Hise-Sec6p, HisSec6CT1 (amino acids 36@05), and His
Sec6CT2 (amino acids 4+B05) were further purified on a

observed by monitoring the absorbance at 280 nm. Each run
was repeated at least 3 times. The gel filtration columns were
calibrated using standards (thyroglobulin, 670 kiglobulin,

d158 kD; ovalbumin, 44 kD; myoglobin, 17 kD; Bio-Rad).

For examination of Sec6p in yeast lysates, BY4741 cells
(MATa his3A1 leu2A0 met1A0 ura3A0; Invitrogen) were
grown in rich media to an Ofg, of 0.8—1.0 and spheroplasts
were prepared from 150 QR units of cells as modified
from ref 37. Cells were harvested, washed in 50 mL ice-
cold washing buffer (10 mM Tris at pH 7.4, and 10 mM
NaNs), and resuspended in 15 mL spheroplasting buffer (50
mM NaPQ at pH 7.4, 1.4 M Sorbitol, 35 m\$-mercapto-
ethanol, 10 mM Nabl and 100ug/mL Zymolyase T-100).
These were incubated at 3C€ for 30 min, layered on top
of a 15 mL 1.5 M sorbitol solution (50 mM NaRGt pH
7.4, 1.5 M Sorbitol, 10 mM Nap and protease inhibitors),
and centrifuged through the sorbitol cushion for 10 min at
100@. The pellets were resuspended in 0.6 mL cold lysis
buffer (20 mM PIPES at pH 6.8, 100 mM NaCl, 1 mM
EDTA, 1% NP-40, 1 mM DTT, and protease inhibitors). The
lysates were cleared by centrifugation for 10 min at 1@)00
and 200uL aliquots were loaded onto the Superose 6 gel-
filtration column in lysis buffer with 0.1% NP-40. The
fractions from three runs were collected and precipitated with
trichloroacetic acid. The presence of Sec6p in the fractions
was determined by immunoblot analysis usiogSec6p
antibody.
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Immunoblot AnalysesAntiserum against purified Sec6p subjected to N-terminal sequencing by Edman degradation
was generated by the Pocono Rabbit Farm and Laboratory(Tufts University).
Inc. The antiserum was affinity-purified using recombinant  Glutathione-S-transferase (GST) Pull-Down Ass&ST
Sec6p coupled to CNBr-activated sepharose resin (Amer-and GST-tagged proteins were purified using glutathione
sham). Proteins were separated by SIPAGE, transferred  agarose affinity chromatography. Protease inhibitor cocktail
to nitrocellulose membrane, and probed by Western blot tablets (Roche) were necessary during the lysis, and extra
analysis using the affinity-purified-Sec6p antibodies. The  phenylmethyl sulfonyl fluoride (PMSF) was added every 2
blots were developed using peroxidase-conjugated anti-rabbith. The purified proteins immobilized on glutathione beads
secondary antibodies (Roche) and enhanced chemilumineswere subsequently washed in KPhos buffer containing 0.05%
cent detection (ECL; Amersham); the total density of each NP-40, protease inhibitors, and 1 mM PMSF. Purified soluble
band was determined using a Bio-imaging EPI Chemi Il proteins were added to the immobilized GST-tagged proteins,
Darkroom (UVP) and Labworks 4.0 software. and the mixtures~+2—10 M each protein) were incubated

Circular Dichroism (CD) SpectroscopD spectrawere  for 1 h at 4°C with mixing to allow binding. The beads
recorded on a J810 spectropolarimeter (Jasco) fitted with awere centrifuged, and the supernatants were removed. The
Peltier-type temperature controller. The protein concentra- beads were washed 3 times with KPhos buffer containing
tions for the various samples were between 4 angNIGn 0.05% NP-40. Equal volume aliquots of the supernatants and
KPhos buffer containing 5 mM Tris(2-carboxyethyl)phos- beads were analyzed by SBBAGE and stained with
phine hydrochloride (TCEP). All spectra were recorded as Coomassie blue.

an average of three scans from 200 to 270 mm il mm SNARE Assembly Assafsotein samples (10M each)
path-length quartz cuvette (Hellma). For each spectrum, theyere incubated in KPhos buffer for=72 h at 18°C. For
minimum at 222 nm was Used to estimate the mean reSidUEthe ge'_mobmty Sh|ft assay, Samp'es were run on 1.5 mm
ellipticity and percent helicity. Thermal transitions were g native polyacrylamide gels (37.5:1 acrylamide/bis) at 4
performed at the rate of IC per minute while monitoring  °c for 1.25 h at 30 mA. Gels were buffered at pH 7.4 using
ellipticity at 222 nm. All CD experiments, both wavelength 43 mM imidazole and 35 mM HEPES and stained with
spectra and thermal melts, were performed at least 3 times.coomassie blue. For the gel filtration assay, 2000f each
Equ|l|br|um Analytical Ultracentrifugation]—he purified Samp'e was loaded on the Superose 6 10/30 column pre-
protein constructs were dialyzed into KPhos buffer; the equilibrated in KPhos buffer and the absorbance was
protein concentrations ranged between 0.45 angBlZfor monitored at 280 nm. Quantitation of the free Ssolp peak

Hise-Sec6p) and 0.30 and 7.8M (for Sec6CT1). The  and analyses of the assembly kinetics were performed as
proteins were centrifuged to equilibrium at a range of speeds described previously26).

between 10 000 and 18 000 rpm in an Optima XLI analytical
ultracentrifuge (Beckman) at€ (verified when consecutive  RESULTS
scans acquirechi2 h intervals were superimposable). The ) o
absorbance at 230 or 280 nm was measured, depending on Sec6p Is a DimeiSec6p was overexpresseddncoli with
the absorbance spectra of the individual samples. At leastan N-terminal Histag and purified by Ni* affinity, anion-
nine data sets each (minimum of 3 protein concentrations at€xchange, and gel filtration chromatography to obta#%%
using WinNonlin software (version 1.06, University of Stability of Sec6p were analyzed by CD spectroscopy. The
Connecticut), and the partial specific volume of the sample CD spectrum revealed a predominantyhelical protein
and density of the buffer were calculated by SednTerp (~48% helical; Figure 1A38). By monitoring the ellipticity
(version 1.08, University of New Hampshire). Sec6p data (6) at 222 nm as a function of the temperature, we determined
sets were globally best-fit to a single species with an apparentthat Secép is only moderately stable, with a melting point
molecular weight of 197 000 B 12 500 SEM [calculated ~ Near 36°C. Its thermal denaturation was |r.reverS|bI(_e d_ue to
molecular weight (MW) of the Sec6p dimer191 000]. The preC|p|Fat|or1 at temperatures}O °C, precluding quantitative
Sec6CT1 data sets fit poorly to either a monomer or a dimer @nalysis of its thermal stability (data not shown).
model and were globally best-fit by a reversible monomer When the oligomeric state of Sec6p was examined using
dimer model. Visual inspection of the deviations of the an analytical Superdex 200 10/30 gel filtration column, it
residual plots, as well as the square root of variance for the displayed a significantly larger apparent MW than expected
fits, indicated that the monomedimer model was a better ~ from its calculated MW. The eluted protein was mono-
fit than either monomertrimer, monomertetramer, or disperse, having only a single symmetrical peak with an
higher order oligomer models. apparent MW of 180 kD (calculated M\A&t 95 kD; data
Limited Proteolysis.Aliquots of Sec6p (5ug) were not shown). Two possibilities are consistent with these
incubated with either trypsin or thermolysin at room tem- data: Sec6p is either a dimer or a monomer with a
perature for 30 min. Reactions contained either 0.1, 0.2, 0.5,significantly elongated shape.
or 1ug of each protease. Buffer conditions used for digestion  To differentiate between these possibilities, we performed
were 10 mM Tris at pH 8.0, 150 mM NacCl, 10% glycerol, equilibrium analytical ultracentrifugation experiments (Figure
10 mM CaC}, and 1 mM DTT. After incubation, the digests  1B). Multiple concentrations of Sec6p (0-45.2uM) were
were boiled for 5 min in sample-loading buffer, run on a centrifuged to equilibrium at three different speeds (10, 12,
10% SDS polyacrylamide gel, and transferred to a poly- and 14 krpm). At all speeds and concentrations tested, the
(vinylidene difluoride) membrane. Protein bands were vis- data were globally best-fit to a dimer (apparent MW197
ualized by staining with Ponceau S. The region of the kD; calculated MW of the Sec6p dimer 191 kD). We also
membrane containing the band of interest was cut out andcould not detect any monomeric Sec6p by gel filtration;
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Ficure 1. Sec6p is a helical dimer. (A) Sec6p was analyzed by CD. The CD wavelength spectrum was obtainbtiSed®p at £C.

The characteristic minimum at 222 nm was indicative~@8% helicity. (B) Representative sedimentation equilibrium ultracentrifugation
data for Sec6p. Sec6p (IM) was centrifuged to equilibrium at 12 000 rpm (lowest panel). A solid lin¢ (epresents a global least-
squares fit to a dimer model; global fits to monomer (- - -) and trime) (hodels are shown for comparison. The corresponding residuals
are shown in the upper panels. (C) Sec6p from yeast lysates was analyzed by Superose 6 gel filtration chromatfgFaphbtigns from

the column were analyzed by SBEAGE ando-Sec6p antibody immunoblots. The plot indicates quantitative densitometry of the Sec6p
bands. The purified recombinant Sec6p is shown below as a marker for the dimer (- - -).

therefore, we set an upper limit for the dissociation constant analyzed by SDSPAGE for smaller fragments that were
Kq at <0.1 uM. Removing the His tag did not affect resistant to cleavage by several concentrations of at least two
dimerization (data not shown). of the proteases. Two such fragmemtsAb and~60 kD)

We next determined whether Sec6p was a dimeifivo. were identified in both the trypsin and thermolysin digests
Wild-type yeast cells were lysed, and the cleared lysate was(Figure 2A). N-Terminal sequencing identified the tryptic
loaded on a Superose 6 10/30 gel filtration column (Figure fragments as C-terminal domains beginning at amino acids
1C). We observed two peaks of Sec6p in immunoblots of 292 and 408. These domains comprise approximatend
the eluted fractions. The first peak elutes with an apparent Y/ of full-length Sec6ép, respectively. The apparent molecular
MW of ~800 kD, consistent with Sec6p assembled into the weights on the SDSPAGE gel suggested that the C-terminal
exocyst complex. The second peak elutes with an apparentnd of each fragment coincided with the end of the protein.
molecular weight similar to recombinant dimeric Secép  For the longer C-terminal fragment, secondary structure
(apparent MW= 180 kD). These data suggest thatvivo predictions suggested that residues 2299 might be
Sec6p exists in two pools: assembled into the exocystunstructured 39); therefore, we expressed and purified a
complex and free dimer. These data, however, did not rule construct containing residues 36805, called Sec6CT1.
out the possibility that Sec6p may also be dimeric when Purified Sec6CT1 eluted as two peaks in gel filtration
present in the exocyst complex. Because the ratio of the experiments (Figure 2B). The retention volume of the peaks
Sec6p peaks (exocyst complex versus free dimer) variedindicated that Sec6CT1 formed both a monomer and a higher
greatly with the lysis conditions, we did not attempt to molecular weight oligomer (apparent M#/ 76 and 260 kD;
quantitate the amount of free Seciépvivo. calculated MW = 61 kD). The monodispersity of the

Sec6p Contains an Independently Folded C-Terminal oligomeric peak, as well as the fact that the monomer and
Domain.Because Sec6p is a 93-kD protein, we hypothesized oligomer showed a reversible equilibration, indicated that
that it might be comprised of several independently folded this peak was not due to nonspecific aggregation. This
structural domains. To identify these domains and to map monomet-oligomer equilibration was slower than the dura-
the region(s) important for dimerization, we performed tion of the gel filtration run £30 min). From our gel
limited proteolysis experiments. Purified Sec6p protein was filtration data, we estimate thKy to be at least 10-fold
digested using a range of concentrations of trypsin, chymo- weaker than for the full-length dimer. Because the full-length
trypsin, proteinase K, and thermolysin. These digests wereSec6p is dimeric, we expected that the higher molecular
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Ficure 2: Identification and characterization of the C-terminal domain of Sec6p and the dimerization region. (A) Folded structural domains
of Sec6p were mapped by limited proteolysis. Purified Sec6p was incubated with decreasing concentrations of trypsin or thermolysin for
30 min at room temperature. The digests were boiled for 5 min in-SEXS5E loading buffer, run on a 12% SBPAGE gel, and Coomassie-
stained. The mobilities of Sec6p and the C-terminal fragments are marked on the right. (B) Oligomeric states of recombinant S¢c6CT1 (
and Sec6CT2 (- - -) were analyzed by Superdex 200 gel filtration chromatography. For each protgin,028uM solution was loaded.
(C) Sec6CT1 M) and Sec6CT2@) were analyzed by CD. Only the dimer of Sec6CT1 is shown; the results from the monomer were
indistinguishable from the dimer. CD wavelength spectra were obtained aMaotein concentration and 4C. (D) Schematic diagram
of the N- and C-terminal constructs of Sec6p are depicted. Numbers indicate the first and last amino acid of each construct. The observed
oligomerization states are presented on the right.

weight oligomer of Sec6CT1 would also be dimeric; indeed, concentrations up to 1 mM (Figure 2B; apparent M¥W7
results from equilibrium analytical ultracentrifugation experi- kD; calculated MW= 48 kD). On the basis of these results,
ments are consistent with a monomeimer model (data  we conclude that Sec6CT2 comprises a folded structural core
not shown). The dimeric form of Sec6CT1 eluted earlier than domain and that the region between amino acids 300 and
full-length Sec6p on the Superdex 200 column. This indicated 410 (Sec6DR) is important for dimerization (Figure 2D).
that Sec6CT1 has a slightly larger hydrodynamic radius than By comparing the mean residue helicities of full-length
Sec6p, suggesting a significant deviation from an ideal Sec6p to that of the CT1 and CT2 domains, we calculated
spherical shape. From these data, we conclude that thisthat the corresponding N-terminal regions should be ap-
C-terminal domain contains the dimerization region and the proximately 40% helical when present in the full-length
N-terminal domain is necessary for stability of the dimeric protein. The dimerization region (36@10) was calculated
form. to be ~30% helical. To test these predictions, we cloned
The monomer and dimer of Sec6CT1 were separated bythe N-terminal truncations 1250 and *+410 and the
gel filtration, and their secondary structure and stability were dimerization region. All three proteins expressed well but
examined by CD. These experiments indicated that bothwere completely insoluble, precluding any biophysical
forms are folded£52% helical; Figure 2C; only the dimer characterization.
is shown). Both the monomer and dimer were slightly more  Sec6p Interacts with the t-SNARE Sec9p and Inhibits
thermally stable than full-length Sec6p; the melting temper- SNARE Complex AssembWe next examined whether
atures were~42 °C (data not shown). Both conformations purified Sec6p could interact with the yeast exocytic SNARE
showed a single melting transition, although their melts were proteins: Ssolp, Sec9p, or Snc2p. These proteins are the
irreversible. Because the monomer and dimer have the samgeast homologues of syntaxin, SNAP-25, and VAMP/
molar ellipticity and thermal stability when analyzed at the synaptobrevin, respectively. We tested each interaction using
same protein concentration, this suggests thatthelical ~ GST-tagged pull-down experiments. Secép interacted specif-
content and stability of the monomeric species does notically with the t-SNARE Sec9p and not GST alone (Figure
significantly change upon dimerization. 3A). Sec6p did not bind to the t-SNARE Ssolp and bound
Identification of the Dimerization Regiohe shorter relatively weakly to the v-SNARE Snc2p (Figure 3B).
C-terminal construct Sec6CT2 (41805) was purified. CD Because Ssolp forms an inhibited “closed” conformatii (
experiments indicated that it was also well-folded, with 26), we used a GST-Sso1CTB (residues +285) construct
~59% helicity (Figure 2C). Its thermal denaturation indicated to test if Sec6p would interact with the SNARE motif of
a melting temperature of46 °C but was also irreversible  Ssolp; no interaction was detected (Figure 3C). In each case,
(data not shown). Unlike both Sec6p and Sec6CT1, Sec6CT2the GST pull-down results were confirmed by gel filtration
was shown by gel filtration to be completely monomeric at experiments (data not shown).
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Ficure 3: Dimer of Sec6p binds the t-SNARE Sec9p. (A) GST and GST-Sec9p were immobilized on glutathione agarose beads and
incubated fo 1 h at 4°C with an equimolar amount of Sec6p or Sec6CT2. Equivalent amounts of supernatant (S) and bead (B) fractions
were analyzed on Coomassie-stained SPBGE gels. The mobilities of the various proteins are marked with arrows on the right. Additional
bands in the GST-Sec9p lanes are GST-Sec9p proteolysis fragments. Because this proteolysis of GST-Sec9p made detection of bound
Sec6CT2 difficult, we used Western blot analysis usin§ec6p antibody to detect the Sec6CT2 (lower panel). Lanes marked as “-Sec9p”
denote that the GST-Sec9p construct was used. Similar labels were used for Ssolp, Snc2p, Sec9CTA, and Sec9CTB. (B) GST-Ssolp and
GST-Snc2p were tested for interaction with Sec6p. Sec6p weakly binds Snc2p and thus readily dissociates during the washing steps. (C)
GST-Ss0l1CTB (179265) out competes Sec6p for binding to Sec9p. Immobilized GST-Sso1CTB was mixed with either Sec6p alone
(+Sec6), with Sec6p and Sec9p simultaneoustBécerSec9), or with pre-formed Sec6iBec9p complex+{Sec6:Sec9 complex). (D)
GST-Sec9CTA (416504) and GST-Sec9CTB (57#b51) were tested for interaction with Sec6p. (E) Five separate Superose 6 gel filtration
profiles showing Sec6p binding to Sec9p (top graph; curves are marked on the left): purified Sea8f),(pQrified Sec9p (1aM), and
Sec6pt-Sec9p at 2:2 (1M each), 2:1 (1Q«M Sec6p and %M Sec9p), and 2:3 (1@M Sec6p and 1M Sec9p) ratios, respectively.

Fractions (0.5 mL) were collected, run on SPBAGE gels, and Coomassie-stained (below). Note that the molar extinction coefficient at

280 nm for Sec9p is 30-fold less than for Sec6p.

To identify the regions of Sec6p and Sec9p that interact susceptible to proteolysis during purification and could not
with each other, we tested binding of the C-terminal domains be definitively tested for binding to Sec6p.
of Sec6p to Sec9p in both GST pull-down and gel filtration ~ Using a series of gel filtration experiments at different
experiments. Sec9p did not interact with either Sec6CT1 or protein concentrations, we estimated that the affinity for
Sec6CT2 (Figure 3A; Sec6CT2 is shown). These data Sec6p and Sec9p is in the high nanomolar range (506 htM
suggested that the N-terminal domain of Sec6p is necessaryM; data not shown); this is only an estimate, how-
for interactions with Sec9p. In addition, we expressed GST ever, because the complex is continuously diluted while it
fusions of both SNARE motifs of Sec9p (residues 4564 migrates through the gel filtration column. We tested the
and 571651) and did not detect binding of Sec6p to either ability of Sec6p to compete with the binding of Sec9p to
of these constructs (Figure 3D). The construct containing its partner t-SNARE Ssolp using the GST-Sso1CTB con-
the intervening loop region (565%70) was extremely  struct (Figure 3C; 1@M each). When Sec6p and Sec9p were
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FIGURe 4: Sec6p inhibits t-SNARE complex assembly. (A) SNARE complex assembly was analyzed by a native gel mobility shift assay.
Purified proteins were run as markers and are indicated at the top. The time course shows SNARE assgeably. Ssolp and Sec9p

(10 uM each) were mixed togethet;10 uM Sec6p, and incubated at T& for the times indicated. The mixtures were run on a 6%
nondenaturing polyacrylamide gel and stained with Coomassie blue. The mobilities of the various proteins and complexes are marked on
the left. Sec6p, which is a 190-kD dimer, does not migrate far into the top of the native gel. (B) SNARE complex assembly was monitored

by Superose 6 gel filtration chromatography. Gel filtration profiles ofub0 mixtures of Ssolpt Sec9p+ Sec6p were incubated at 18

°C for the times indicated. The region containing Sec6p and the SNARE complex is not shown to depict the free Ssolp peaks to scale. No
absorbance outside of these regions was observed. (C) Quantitative analyses of the free Ssolp peaks as a function of time. The data were
fit to a second-order rate equation; the rate constants obtained:a¥l Xotein concentration were 2.4 Ms! in the absence of Sec6p

(®, —) and 0.69 M s71in the presence of Sec6l (- - -).

added to Sso1CTB simultaneously, all of the Sec9p bound complex was not significantly different from a theoretical
to Sso1CTB. When we preformed the See@ec9p complex  noninteracting combination of Sec6p and Sec9p (data not
and added it to Sso1CTB, we observed that all of the Sec9pshown).
dissociated from Sec6p and bound to SsolCTB, indi- \hatis the role of Sec6p and the See@ec9p interaction
cating that the affinity of Sso1CTB for Sec9p is significantly i, SNARE complex assembly? One possibility is that Secép,
tighter. through its interaction with Sec9p, might stimulate SNARE
We also used gel filtration experiments to investigate the complex formation at sites of secretion. To test this hypoth-
stoichiometry of the Sec6pSec9p complex. On the Superose esis, we added purified Sec6p to our vitro SNARE
6 10/30 gel filtration column, the complex between Sec6p assembly assap®, 26). In this assay, purified Ssolp was
and Sec9p migrates with an apparent molecular weight thatincubated with Sec9p for different lengths of time at°C3
is consistent with a dimer of Sec6p bound to at least one in the presence or absence of Sec6p. The resulting mixtures
copy of Sec9p (Figure 3E; 270 kD). When different ratios were run on a native protein gel, which separated the
of protein concentrations were tested, a 2:2 Sec6p/Sec9pndividual proteins from the SNARE complex (Figure 4A).
molar ratio resulted in complex formation, addition of Sec9p Interestingly, we discovered that SNARE complex assembly
to a 2:3 ratio resulted in the complex plus excess Sec9p,was strongly inhibited by Sec6p. The Seetec9p interac-
while addition of less Sec9p (2:1) resulted in the complex tion decreased the rate of Sec9p binding to Ssolp.
plus excess Sec6p. These data indicate that the complex has \joreover, similar results were observed when the mixtures
a 2:2 stoichiometry; i.e., the dimer of Sec6p binds two \yere separated by Superose 6 gel filtration chromatography
molecules of Sec9p. (Figure 4B). Because the peaks for Sec6p, Sec9p, and the
We used CD to monitor whether Sec9p folds when it Ssolp-Sec9p complex overlapped, we quantitated the rate
interacts with Sec6p. Previous studies demonstrated that theof Ssolp-Sec9p complex assembly by monitoring the loss
interaction between Sec9p and Ssolp produced a significanof free Ssolp, as described previously (Figure 26;.
increase ino-helicity as the SNARE maotifs fold26, 40). Consistent with previously published data, the rate constant
We reasoned that Sec9p might also fold upon binding to for Ssolp-Sec9p complex formation was 2.4 Ms™t in
Sec6p, increasing the total percent helicity. However, this the absence of Sec6p. In the presence of Sec6p, the rate
was not observed. The CD signal of the SeeGec9p constant for SNARE complex assembly was 0.69' M.
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These data indicate that Sec6p, through its interaction with Sec9p; we did not detect any significant interaction between
Sec9p, slows the rate of Ssoiec9p complex formation  Sec6p and either the t-SNARE Ssolp or the v-SNARE

by ~3.5-fold. Snc2p. Because Sec6p is an obligate dimer, we were unable
to test if Sec6p monomers are able to bind Sec9p. The
DISCUSSION C-terminal domains, which are not stable dimers, do not

interact with Sec9p; however, it is unclear whether the
N-terminal domain and/or dimerization are sufficient for
binding.

This interaction between a tethering complex and a
NARE protein is not unique to the exocyst. Interactions of
SNARESs with other tethers, including p115, EEAL, and the
COG, GARP/VFT, and HOPS complexes, have been ob-
served 43—50). It is likely that each of the tethering
complexes plays a crucial role in regulating and/or localizing
specific SNARE complex assembly. We demonstrated that
Sec6p significantly inhibits assembly of the t-SNARE
complex, Sec9p Ssolp. Quantitation of the rate of assembly
indicates that Sec6p inhibits the rate 43.5-fold.

Is the role of Sec6p to prevent Ssolp from binding Sec9p
in 2ivo? A negative regulator would provide temporal and
spatial control of SNARE complex assembly. Several reasons
suggest that this is not the function of the SeeGec9p
complex. First, we previously demonstrated that Ssolp is
negatively regulated by its own N-terminal domain, making
regulation by Sec6p redunda2s( 26). Second, the affinity
which was Calculat_ed to be folded in the fuII-Iength_ protein, ?L 555 c:]l,\ﬁ)f?r:aie&gepsifggsrgitgg égn?&:;(?nﬁgﬁ;\}gﬂt?h?;er
was found to be insoluble when expressed by itself. An egiimate is complicated by the fact that the SNARE complex
analysis of the protein sequence by database searches dig kinetically trapped from disassembly in the absence of
not suggest significant homology with any previously Nge/SNAP and ATP40, 51, 52). We directly tested the
characterized domains, and the region is not predicted to formy;igtarences in affinity by observing that Secép does not
a coiled coil. Unfortunately, our attempts to characterize the successfully compete with the SNARE motif of Ssolp

N-terminal domain were also thwarted by its insolubility. It (Ss01CTB) for Sec9p binding. Third, if the role of Secép is
is likely that the N-terminal region makes important contacts prevent SNARE complex assembly, it would be expected
with the C-terminal domain. These NCT contacts would (5 "o |ocalize with Sec9p. The localization of Sec9p is

be necessary for proper folding and/or stability of the gjgnificantly different from Sec6p: Sec9p is broadly distrib-
N-termmg! region, without s_lgmflcantly altering the structure ;o4 across the plasma membrane, and not specifically
and stability of the C-terminal domain. localized to sites of secretior29). In addition, negative
The dimerization of Sec6p was unexpected based onregulation is not consistent with the vivo role(s) of the
previous stoichiometry measurements. Novick and colleaguesexocyst. Yeast temperature-sensitive mutants demonstrate
used®®S-methionine labeling to quantitate the amount of each that the exocyst plays a positive role in SNARE complex
subunit in the exocyst complex, as well as Sec8p-myc assembly and membrane fusidry), These mutants, includ-
immunoprecipitation experiments, to conclude that the ing sec6-4, accumulate secretory vesicles and have de-
complex had one copy of each suburii@ Fractionation  creased levels of ternary SNARE complexes. Thus, it is
experiments, however, suggested that at least two pools ofhighly unlikely that Sec6p is a negative regulator of Sec9p
Sec6p are present in cells (Figure 185); several of the in vivo.
other exocyst subunits show a similar distributidd, (41, We hypothesize that Sec6p is a component of the SNARE
42) Their distribution is ||k6|y due to the fact that the exocyst assemb|y machinery that will stimulate SNARE Comp|ex
undergoes repeated rounds of assembly and disassemblyssembly at the correct time and place. Because we examined
during the cell cycle. This was recently demonstrated by the Sec6p-Sec9p interaction in the absence of the partners
high-resolution video microscopy, which showed that the of Sec6p, we may have captured a stable intermediate in
exocyst assembles at sites of secretion in a dynamic fashionhe SNARE assembly pathway. Upon arrival of the secretory
(31) Our g6| filtration results indicate that the free pOOl of vesicle, the role of Secb6p would be to interact with Sec9p
SECGD elutes with a homodimeric molecular Welght Dimer- and, in Conjunction with another regu|at0ry protein(s), to
ization mlght prOVide a mechanism to stabilize SeCGp when drive Secgp-Ssolp assemb|y and Subsequent ternary SNARE
it is not assembled in the exocyst CompleX. Consistent with Comp|ex formation and vesicle fusion. What is the other
this idea, the C-terminal constructs, which do not form stable regu|ator(s)? Likely suspects are other exocyst subunits, such
dimersin vitro, are readily degraded when expressed in yeast as Sec8p and Sec5p that directly interact with Se&a). (
(data not shown). Alternatively, proteins such as Sec1p, which directly interact
Using GST pull-down assays and gel filtration chroma- with the SNAREs and the exocyst comple&7(53), or an
tography, we discovered that the dimer of Sec6p binds to as yet unidentified regulator, such as the putative “opener”
the t-SNARE protein Sec9p. The interaction is specific to of Ssolp 27), are other potential candidates. Identification

To elucidate the function of the exocyst in vesicular
trafficking, biophysical and structural characterization of the
exocyst proteins is necessary. Here, we report the expressioré
and purification of the yeast exocyst protein Sec6p and show
that it is a folded-helical dimer containing an independently
folded C-terminal domain. We have mapped the region
responsible for dimerization to the 111 residues preceding
this domain. Moreover, we have observed a direct interaction
between a yeast exocyst subunit and an exocytic SNARE
protein: Sec6p binds to the plasma membrane t-SNARE
Sec9p. Significantly, this Sec6{Bec9p interaction inhibits
the rate of SNARE complex assembly.

The independently folded C-terminal domain of Sec6p is
composed of residues 41805. When expressed and puri-
fied, this domain was found to be completely monomeric.
Inclusion of residues 300410 caused the domain to dimer-
ize. This construct, however, had a lower binding affinity
than the full-length Sec6p, implicating the N-terminal region
in dimer stabilization. The dimerization region (36010),
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of this regulator(s) will be a crucial step toward understanding
the spatial and temporal regulation of membrane trafficking.
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