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Regulation of SNARE complex assembly by an
N-terminal domain of the t-SNARE Ssol1p

Karin L. Nicholson?, Mary Munson?, Rebecca B. Miller24, Thomas J. Filip3,Robert Fairman® and

Frederick M. Hughson?

The fusion of intracellular transport vesicles with their target membranes requires the assembly of SNARE proteins
anchored in the apposed membranes. Here we use recombinant cytoplasmic domains of the yeast SNAREs involved in
Golgi to plasma membrane trafficking to examine this assembly process in vitro. Binary complexes form between the
target membrane SNAREs Ssolp and Sec9p; these binary complexes can subsequently bind to the vesicle SNARE
Snc2p to form ternary complexes. Binary and ternary complex assembly are accompanied by large increases in
o-helical structure, indicating that folding and complex formation are linked. Surprisingly, we find that binary
complex formation is extremely slow, with a second-order rate constant of ~3 M- s, An N-terminal regulatory
domain of Ssolp accounts for slow assembly, since in its absence complexes assemble 2,000-fold more rapidly. Once
binary complexes form, ternary complex formation is rapid and is not affected by the presence of the regulatory
domain. Our results imply that proteins that accelerate SNARE assembly in vivo act by relieving inhibition by this

regulatory domain.

SNARE proteins constitute core components of the machinery that
docks and fuses intracellular transport vesicles in eukaryotest?.
Significant evidence supports a model in which SNARESs anchored
in the membrane of a transport vesicle (v-SNARES) pair with
SNAREs anchored in a target membrane (t-SNAREs) to form spe-
cific protein complexes that physically link the membranes®4. Since
distinct sets of SNAREs act in different intracellular transport steps,
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Fig. 1 An N-terminal domain of Ssolp (Sso2p) inhibits binary and ternary
SNARE complex formation. a, Schematic of SNARE domains employed in
this study. Transmembrane domains (dark shading) were eliminated to
produce soluble recombinant cytoplasmic domains of the yeast post-
Golgi SNAREs. For the experiments in this figure only, Sso proteins were
fused to the C-terminus of GST. GST or fusion proteins were immobilized
on glutathione Sepharose-4B beads. Immobilized proteins were then
incubated overnight at 4 °C with equimolar amounts (7 uM) of b, Sec9CT
or ¢, Sec9CT plus Snc2p in binding buffer (10 mM potassium phosphate,
pH 7.4, 140 mM KCI). Equivalent amounts of supernatant (S) and pellet
(P) fractions were analyzed on Coomassie-stained SDS-PAGE gels. Snc2p
binds Coomassie dye relatively poorly. Additional bands seen in several
lanes represent GST fusion protein breakdown products.

SNARE assembly provides a potentially general molecular mecha-
nism for docking vesicles specifically at their correct intracellular
destinations®.

Recent evidence suggests that SNAREs also play a direct role in
the subsequent fusion of vesicle and target membranes.
Reconstituted into synthetic vesicles, SNARES can mediate fusion,
albeit slowly, demonstrating that they constitute a minimal fusion
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Fig. 2 Binary and ternary SNARE complex formation induces the folding of unstructured SNARE domains. CD spectra of the individual SNAREs and
SNARE complexes (5 uM each) were acquired at 18 °C. a, Spectra for Sso1CT, Sec9CT, Snc2p, Ssolp and Sso2p. b, Sso1CT-Sec9CT displays substantially
more helical structure (~60%) than predicted for a non-interacting mixture of SsolCT and Sec9CT, but somewhat less than observed for
Sso1p-Sec9CT. Note that [0] is a per-residue value proportional to the fractional secondary structure content. Thus, the hypothetical ‘non-interacting’
spectrum is calculated as the residue-weighted mean of the SsolCT and Sec9CT spectra shown in (a). ¢, Ternary SNARE complexes
Ss01CT-Sec9CT-Snc2p and Ssolp-Sec9CT-Snc2p are both >85% a-helical. For comparison, the predicted spectra for a non-interacting mixture of the
individual SNAREs SsolCT + Sec9CT + Snc2p and SsolCT-Sec9CT + Snc2p are shown. d, Spectra for SsolCTa, SsolCTa-Sec9CT and

Ss01CTa-Sec9CT-Snc2p.

machinery®. Low-resolution structural studies of neuronal SNARE
complexes show that the transmembrane anchors of the participat-
ing v- and t-SNAREs are at the same end of an elongated com-
plex”8. This geometry, which bears some similarity to that of the
fusion proteins of enveloped viruses including influenza and
HIV-1°, may promote close membrane apposition, leading to
fusion®s,

Golgi to plasma membrane transport in yeast involves at least
one v-SNARE, Snclp (or the functionally redundant Snc2p), and
two t-SNAREsS, Sec9p and Ssolp (or the functionally redundant
Ss02p)ie-12, These yeast SNARES show significant sequence homol-
ogy to neuronal SNAREs (VAMP/synaptobrevin, SNAP-25 and
syntaxin respectively) required for the fusion of synaptic vesicles
with the presynaptic membrane!314, Snclp (Snc2p) is localized pre-
dominantly to post-Golgi vesicles®, whereas Ssolp (Sso2p) is local-
ized predominantly to the plasma membrane!*2; both are type I1
integral membrane proteins with C-terminal transmembrane
anchors. To form v-SNARE-t-SNARE complexes, Snc and Sso pro-
teins appear to require the collaboration of a second plasma-mem-

794

brane-localized t-SNARE, Sec9p*®. Unlike most SNAREs, Sec9p is a
peripheral membrane protein that lacks a plausible transmem-
brane anchor, Its neuronal homolog SNAP-25 is multiply palmi-
toylated?®, but Sec9p, which lacks cysteine residues, is not. The basis
for Sec9p’s plasma membrane localization is not known. Despite
forming stable binary complexes with Sso proteins in vitro, Sec9p’s
association with the plasma membrane appears to be independent
of Sso proteins in vivo (ref. 15 and P. Brennwald, pers. comm.). It
may instead interact directly with phospholipids or with an
unidentified plasma membrane receptor.

These yeast SNAREs, like their neuronal counterparts, form
complexes in vivo and in vitro®1:17.18, Individual SNARES frequent-
ly contain one or more 4,3 hydrophobic (heptad) repeat regions
potentially capable of forming a-helical coiled coils'®-23, The rough
coincidence between these regions and the minimal fragments
required for binding other SNAREs in vitro suggests that SNARE
complex formation may occur through the formation of coiled
coilst82t22, Consistent with this possibility, recombinant cytoplas-
mic SNARE domains can be assembled in vitro to form stable bina-
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Fig. 3 Binary and ternary SNARE complex stoichiometries. a, The CD
signal at 222 nm (4 °C) for 5 uM Sec9CT plus varying concentrations
(0-30 puM) of SsolCT. The absolute value of the raw signal, |m°|, is
shown, uncorrected for concentration. b, Sedimentation equilibrium
analysis of a 1:1 mixture of Sso1CT and Sec9CT (5 uM each) at 4 °C. Data
from the three rotor speeds shown were fit simultaneously to a single-
species model, yielding a relative molecular mass of 39,000 + 1,000 M,
in reasonable agreement with the predicted molecular mass of 36,095.
Residuals from the curve fits are also shown. Low temperature was
used in (a) and (b) because the Sso1CT-Sec9CT complex is partially dis-
sociated at 18 °C (see Fig. 4a). ¢, The CD signal at 222 nm (18 °C) for
0.5 uM Sso1CT-Sec9CT plus varying concentrations (0-3 puM) of Snc2p.

ry (Ssolp—Sec9p or syntaxin-SNAP-25) and ternary complexes
in reactions accompanied by substantial increases in a-helici-
ty15,18,24—26.

SNARE complex assembly and disassembly appears to be reg-
ulated by other proteins known to be essential for the proper
functioning of the secretory pathway?’. Small GTP-binding Rab
proteins are essential for SNARE assembly in vivo®-%, whereas
Seclp family members bind t-SNAREs and can inhibit SNARE
complex formation in vitro3-32, Members of the NSF/p97 family,
in conjunction with accessory proteins, can function as molecu-
lar chaperones by disassembling SNARE complexes in an ATP-
dependent reaction?.

Here, we take advantage of the favorable solution properties
displayed by cytoplasmic domains of the yeast post-Golgi
SNAREs to carry out quantitative in vitro studies of SNARE
assembly. We demonstrate that complex formation by the full-
length cytoplasmic domain of Ssolp is exceedingly slow,
although given sufficient time it does proceed to completion.
Truncated versions of Ssolp lacking an N-terminal domain form
complexes much more rapidly. SNARE complexes containing
truncated Ssolp are essentially identical in terms of structure
and stability to those containing the intact cytoplasmic domain
of Ssolp. Therefore, binary and ternary SNARE complex forma-
tion is kinetically controlled by the N-terminal regulatory
domain of the t-SNARE Ssolp. These results suggest a plausible
mechanism for factors that control SNARE assembly in vivo.

N-terminal Ssolp domain inhibits complex formation
Binary t-SNARE complex formation was observed when GST
fusion proteins containing the cytoplasmic regions of Ssolp or
Sso2p were incubated with a C-terminal domain of Sec9p (Fig.
1a,b). This Sec9p domain (Sec9CT; residues 416-651) is the sole
essential region of Sec9p in vivo'! and the only region with
detectable sequence homology to the neuronal t-SNARE SNAP-
25. For these reasons, and because full-length recombinant
Sec9p is poorly soluble, all experiments reported here were car-
ried out with Sec9CT. In agreement with previous studies®,
GST-Ssolp bound a substantial, though substoichiometric,
amount of Sec9CT after overnight incubation at 4 °C. GST-
Sso2p gave very similar results, as expected based on the func-
tional redundancy and 72% amino acid identity between Ssolp
and Sso2p. Ternary complexes form upon addition of the cyto-
plasmic domain of the post-Golgi v-SNARE Snc2p (Fig. 1c), as
has been seen for the functionally redundant (and 83% identical)
Snclp®. These results suggest that, regardless of the Snc or Sso
isoform used, binary and ternary complex assembly occurs, but
is inefficient.

By contrast, a 74-residue C-terminal region of either Sso pro-
tein forms binary and ternary complexes much more efficiently
under the same conditions (Fig. 1). These constructs, GST-
Ssol1CT and GST-Ss02CT, comprise the region homologous to
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the minimal SNARE-binding domain of syntaxin!®2, The discrep-
ancy between full-length and C-terminal Sso constructs is consis-
tent with previous results’® and suggests that an N-terminal
regulatory domain in each Sso protein inhibits SNARE complex
formation. This regulation could be thermodynamic or kinetic in
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Fig. 4 The high thermal stability of binary and ternary SNARE complexes is independent of the Ssolp N-terminal domain. The thermal stabilities of bina-
ry (a—c) and ternary (d), SNARE complexes (5 uM each in binding buffer) were evaluated by monitoring [6] at 222 nm as a function of temperature.
a, Thermal denaturation of Sso1CT-Sec9CT (T, = 26 °C), Ss01CTa-Sec9CT (T, = 47 °C), and Sso1p-Sec9CT (T, = 48 °C). b, Thermal denaturation of SSoINT
(T = 45 °C) and Sso1CTa-Sec9CT (T, = 47 °C). c, The observed thermal denaturation profile for the Sso1p-Sec9CT binary complex is similar to that pre-
dicted for the residue-weighted average of the profiles shown in (b). d, Thermal denaturation of SsolCT-Sec9CT-Snc2p (T,, = 72 °C),
Ss01CTa-Sec9CT-Snc2p (T, = 73 °C), and Sso1p-Sec9CT-Snc2p. The irreversible unfolding of Sso1p-Sec9CT-Snc2p entails at least two transitions: the first
(Tr = 45 °C) corresponds to unfolding of the Sso1NT domain, while the second (T,, ~75-80 °C) may represent unfolding of the coiled coil core (see text).

origin. In one case, Ss01CT-SecOCT complexes could be more sta-
ble (lower Kp) than Ssolp-Sec9CT complexest®. Alternatively,
binary (and hence ternary) complex formation could be unusually
slow in the presence of the N-terminal regulatory domain of Ssolp
(Sso2p), so that complex formation is incomplete even after
overnight incubation. Surprisingly, the latter proves to be the case.

Assembly-induced folding of SNARE domains

To establish that Sso1CT and Ssolp form SNARE complexes with
similar properties, we compared the secondary structural content,
stoichiometry and stability of these complexes. Initially, we mea-
sured the secondary structure contents of the individual SNARE
domains using circular dichroism (CD). Sec9CT is largely lacking
in regular secondary structure (Fig. 2a), as was also observed for a
similar C-terminal fragment of Sec9p? and for several neuronal
SNAP-25 isoforms?42, Likewise, Snc2p appears to be unfolded as
judged by CD spectroscopy (Fig. 2a) and amide proton exchange
experiments (data not shown), in accord with previous reports for
Snc2p homologs?:. Unlike Ssolp and Sso2p, which display CD
spectra indicative of substantial (~70%; see Methods) a-helix con-
tent, Sso1CT and Sso2CT are largely unfolded (Fig. 2a). Therefore,
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the SNARE regions that form binary and ternary complexes effi-
ciently all seem, individually, to lack significant regular secondary
structure.

A dramatic acquisition of a-helical secondary structure accom-
panied the combination of SsolCT and Sec9CT in a 1:1 molar
ratio, with the final a-helix content of ~60% (Fig. 2b). The
observed spectrum for Sso1CT-Sec9CT differs significantly from
that anticipated for a non-interacting mixture, indicating that
binary complex formation is coupled to significant folding of one
or both of the largely-unstructured t-SNARE domains. The chro-
matographically-purified Ssolp-Sec9CT complex, with the full-
length cytoplasmic domain of Ssolp, displays an a-helix content of
~70% (Fig. 2b). These results demonstrate that, in terms of sec-
ondary structure, the Sso1CT-Sec9CT and Ssolp-Sec9CT com-
plexes are similar; indeed, the small discrepancy arises
predominantly from the marginal stability of Sso1CT-Sec9CT.

The sharp increase in helix content observed upon
Ss01CT-Sec9CT complex formation was used to establish the sat-
urability and molar ratio of the binding reaction. When Sso1CT
was titrated into a constant amount of Sec9CT (Fig. 3a), a break in
the plot of ellipticity versus concentration was seen at a 1:1 molar

nature structural biology ¢ volume 5 number 9 « september 1998
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Fig. 5 Binary Ssolp-Sec9CT complex assembly approaches equilibrium slowly. a, Equimolar mixtures of Ssolp and Sec9CT in binding buffer were
incubated 24 h at 4 °C before separation on a Superdex 200 gel filtration column (Pharmacia) equilibrated in the same buffer. Overlaid profiles are
shown for 0.5 uM, 5 pM, and 50 uM each (Ssolp and Sec9CT). To facilitate comparison, the absorbance for the 0.5 and 5 uM samples were scaled
appropriately as shown. In control experiments (not shown), Sso1p-Sec9CT elutes at 12.7 ml, Sec9CT elutes at 13.3 ml, and Ssolp elutes at 14.6 ml. In
addition, gel filtration of Ssolp alone at concentrations above 100 uM showed no evidence of self-association. The molar extinction coefficient of
Ssolp is about four times greater than that of Sec9CT. The Sec9CT peak overlaps with the binary complex peak and can cause apparent shifts in its
elution volume when the ratio of free Sec9CT to binary complex is high. b, Isolated Sso1p-Sec9CT complex (5 pM) was incubated 24 hr at 4 °C and

analyzed as in (a). 5 uM Ssolp and 5 uM Sec9CT, mixed and subjected to the same incubation, are only partially complexed after 24 h.

ratio, with a further slow increase in signal attributable to the small
contribution of uncomplexed (and hence unfolded) SsolCT.
Equilibrium sedimentation analytical ultracentrifugation (Fig. 3b)
showed that the complex contains one molecule each of Sso1CT
and Sec9CT. As expected?, Ssolp—Sec9CT complexes are also 1:1
(MW=59,500 + 2,200; data not shown). Therefore, the oligomeric
state of the yeast binary complex is unchanged by deletion of the N-
terminal domain of Ssolp.

The addition of Snc2p to SsolCT-Sec9CT binary complexes
resulted in a further large increase in a-helix content, to a total
value of greater than 85% (Fig. 2c). The high helix content of the
ternary complex suggests strongly that Snc2p folds to adopt an a-
helical structure upon binding to the binary t-SNARE complex and
that one or both t-SNAREs also adopt additional helical structure.
Comparing the CD spectra of ternary complexes assembled from
Ssol1CT and Ssolp (Fig. 2c) reveals that these complexes have very
similar secondary structural contents.

Ternary Sso1CT-Sec9CT-Snc2p complex formation is saturable
at a 1:1:1 molar ratio (Fig. 3c). However, the results of analytical
ultracentrifugation experiments were not consistent with a single
species, but instead revealed that higher-order structures coexist in
equilibrium with 1:1:1 complexes even at low (1-5 pM) protein
concentrations (data not shown). Although the significance of these
higher-order structures is not clear, ternary complexes containing
the full-length cytoplasmic domain of Ssolp behave similarly®.
Therefore, the absence of the N-terminal Ssolp domain has little or
no impact, either in terms of secondary structure or oligomeric
state, on the properties of binary and ternary complexes.

Complex stability is unaffected by SSoINYT domain

The stability of each SNARE complex was evaluated by monitoring
the CD signal at 222 nm as a function of temperature. Except for
Ss01p-Sec9CT and Ssolp-Sec9CT-Snc2p complexes, which refold
slowly, thermal denaturation was fully reversible. The stability of
the SsolCT-Sec9CT complex was marginal (Fig. 4a); indeed,
Ss01CT-Sec9CT complexes were significantly less stable than
Ss01p-Sec9CT complexes. This explains the origin of the differ-

nature structural biology ¢ volume 5 number 9 « september 1998

ence in helix content between these complexes when measured at
18 °C (Fig. 2b). To determine whether Sso1CT was lacking residues
required to confer full stability on the binary complex, we tested a
longer construct (Sso1CTa) containing residues 146-265 (Fig. 1a).
This fragment represents the entire cytoplasmic domain of Ssolp
except for the N-terminal domain defined by limited proteolysis
(SsoINT; residues 1-145; M.M. & F.M.H., unpublished results). In
most respects, Ss01CTa and Ssol1CT displayed identical properties
(Fig. 2d and data not shown) with one major exception:
Ss01CTa—Sec9CT complexes are nearly as stable as Sso1p—Sec9CT
complexes (Fig. 4a). Therefore, the ‘minimal SNARE-binding
domain’ (Ssolp 192-265) is missing sequences that participate in
stabilizing the binary complex. However, the presence or absence of
the SsoINT domain has little effect.

The unfolding curve for Sso1p—Sec9CT may in fact represent the
sum of two independent contributions: the unfolding of the
SsoINT domain, and the unfolding of the rest of the complex.
Consistent with this hypothesis, the thermal unfolding curve for
Ss01p—Sec9CT is similar to the residue-weighted average of the
curves for SsoINT and SsolCTa—Sec9CT, measured separately
(Fig. 4bc). The small residual difference suggests that
Ss01p—Sec9CT may be modestly stabilized by the presence of the
N-terminal domain. The low-temperature baselines in Fig. 4c coin-
cide, providing quantitative evidence for the similarity in sec-
ondary structures between complexes including or lacking the
SsoINT domain (compare Fig. 2b).

The addition of Snc2p to the binary complexes yields very stable
ternary complexes (Fig. 4d). The thermal denaturation profile of
Ss01p—Sec9CT-Snc2p displays at least two transitions. The first
transition, centered around 45 °C, is quantitatively consistent with
independent unfolding of the SsoINT domain (Fig. 4b). Electron
micrographs show that an N-terminal domain of syntaxin projects
from one end of the rod-like core of the neuronal ternary SNARE
complex’. Our results provide thermodynamic evidence that, in
the corresponding yeast complex, this domain is independent.

At temperatures around 75-80 °C, the remainder of the a-helical
structure (~350 helical residues) unfolds somewhat cooperatively.

797



#A © 1998 Nature America Inc. » http://structbio.nature.com

#4 © 1998 Nature America Inc. * http://structbio.nature.com

articles

QD

0.002

5uM
0.001

Ssolp peak area (AU*mL)

o S0uM

LU B B B I L L

v b b s by s by

PSSR S SN Y SN SN WA SN SR ST S S H S S S N |

50,000 100,000 150,000 200,000
Time (s)

(=]

=]

Fig. 6 Formation of Sso1p-Sec9CT binary complex is inhibited by
the N-terminal domain of Ssolp. a, Equimolar mixtures of Ssolp
and Sec9CT in binding buffer were incubated at 18 °C, during
which aliquots were removed and analyzed by gel filtration as in
Fig. 5. Binary complex formation was monitored as the disappear-
ance of the Ssolp peak over time. Data for typical experiments at

5 UM (200 pl injections) and 50 uM (20 pl injections) protein con- 003 E

centrations are shown fit to a second order rate equation as
described in the Methods. For two separate experiments at 5 uM,
the rate constant (k) obtained was 2.2 + 0.2 M- s, Similarly, for
two experiments at 50 pM, a rate constant of 3.1 + 2.5 M1 st was
obtained. b, Equimolar Sso1CTa and Sec9CT in binding buffer
were mixed and monitored over time by CD at 222 nm, 18 °C.
Data were well-fit by the bimolecular second order rate equation
used in (a); however, the derived rate constants for 1 uM (k = 7100

AU (280 nm)

+200 M-tst)and 5 uM (k = 6300 + 200 M- s1) reactant concen- 0.01

trations are ~2,000-fold faster than seen for Sso1p-Sec9CT com-
plex formation. For each experiment, the mean and standard
deviation are given for two separate experiments. ¢, SSOINT
binds to Sso1CT. Sso1NT (30 pM) and Sso1CT (0, 30, 60 or 120 puM)
in binding buffer were mixed and incubated 10’ on ice prior to gel
filtration analysis. Only Sso1NT contributes to the absorbance
profile, as Sso1CT lacks Tyr, Trp, and Cys residues. No absorbance is
detected outside the displayed volume range.

Assuming that the structure of the ternary yeast complex resembles
that seen for the neuronal complex’, this transition likely corre-
sponds to unfolding of the rod-like core. Both truncated complexes
(Ss01CT-Sec9CT-Snc2p and SsolCTa—Sec9CT-Snc2p), which
lack the SsoINT domain, unfold in single cooperative transitions.
Our ability to compare the stabilities of truncated and full-length
complexes is compromised by the incomplete cooperativity and
effective irreversibility of the Ssolp-Sec9CT-Snc2p unfolding
transition(s). Nonetheless, taken together, our results demonstrate
that the overall structure and stability of SNARE complexes are
essentially unaffected by deletion of the SSOINT domain.

Binary t-SNARE complexes assemble slowly

To characterize the process of binary and ternary complex assem-
bly, we developed binding assays that circumvent the need for
fusion proteins or immobilization of one of the binding partners.
In an initial experiment, we mixed equimolar amounts of Ssolp
and Sec9CT, incubated for 24 h at 4 °C, and then separated uncom-
plexed from complexed Ssolp using gel filtration (Fig. 5a).
Complex formation is monitored as an increase in the area of the
Ss01p-Sec9CT peak and a concomitant decrease in the area of the
free Ssolp peak. The apparent position of the Sso1p-Sec9CT com-
plex is displaced slightly by the presence of free Sec9CT, which oth-
erwise has little effect on the chromatogram because of its low
extinction coefficient (Fig. 5 legend). In agreement with GST
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fusion protein binding studies, we found that Sso1p—Sec9CT com-
plex assembly was inefficient, although at the highest concentra-
tions >80% complex formation could be observed.

Surprisingly, binding reactions at these concentrations were not
atequilibrium after 24 h. For example, we found that 5 uM purified
Ss01p-Sec9CT complex, incubated 24 h at 4 °C, does not dissociate
detectably into monomers, whereas 5 UM Ssolp mixed with 5 uM
Sec9CT, after the same incubation, yields only ~30% complex (Fig.
5b). This discrepancy between two samples of identical composi-
tion suggests that association:dissociation is remarkably slow. The
alternative possibility that a significant fraction of the monomers
are incompetent for complex formation can be ruled out because
complex formation is nearly quantitative at high monomer con-
centrations (Fig. 5a). Other potential complications are ruled out
by analytical ultracentrifugation studies showing that Ssolp,
Sec9CT, and the binary complex are all monomeric (or 1:1) under
these conditions (data not shown).

To characterize what thus appears to be very slow association, we
followed the progress of complex assembly using this gel filtration
assay (Fig. 6a). The data at two different protein concentrations
(5and 50 uM of each protein) are consistent with a simple second-
order bimolecular binding reaction (Ssolp + Sec9CT -
Ss01p-Sec9CT). The resulting second order rate constant of
2-3 M-t st is, however, unusually slow: at 5 UM concentrations of
each protein, the half-time of the binding reaction is ~20 h, and
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Fig. 7 Formation of the binary complex is rate-limiting for ternary complex assembly. Equimolar mixtures of pre-formed a, Ssolp-Sec9CT or
b, Ss01CTa-Sec9CT were mixed manually with Snc2p and monitored over time by CD at 222 nm, 18 °C for 1 uM and 5 pM final concentrations of each
protein. Again, these data fitted well to the bimolecular rate equation (see Methods), consistent with the reaction SsoX-Sec9CT + Snc2p -
SsoX-Sec9CT-Snc2p (where SsoX is Sso1CTa or Ssolp). For all reactions, the derived rate constant was very similar: for Sso1CTa at 1 uM, k = 5,800 +
1,100 M-t s1; for Sso1CTa at 5 uM, k = 5,000 + 300 M- s-%; for Ssolp at 1 uM, k = 5,800 + 2,000 M-t s-1; and for Ssolp at 5 uM, k = 6,100 + 1,200 M- s,

For each, the mean and standard deviation are given for two separate experiments.

very high effective concentrations (>1 mM) would be required to
achieve assembly on a plausible time scale in vivo. These results are
biologically intriguing, since they imply that other factors must
play critical roles in accelerating association.

Removal of SsoINT domain accelerates assembly

Because the rate of binary complex formation by Ssolp is orders of
magnitude slower than expected for physiological systems, it
seemed plausible that the intact protein contains a regulatory
domain that inhibits complex assembly. An attractive candidate,
based on GST pulldown experiments (Fig. 1), was the N-terminal
domain of Ssolp. To test this hypothesis, we monitored complex
formation between soluble Sso1CTa and Sec9CT. Complex forma-
tion was already complete at the earliest time points and lowest
protein concentrations achievable in the gel filtration assay (data
not shown). As an alternative, therefore, we used the structural
changes that accompany binary complex formation to monitor this
assembly process using CD at 222 nm (Fig. 6b). Again, a simple sec-
ond-order rate law fits the data at two different protein concentra-
tions. Strikingly, we found that the rate constant for
Ss01CTa-Sec9CT complex assembly (6—7 x 103 M-t s1) is more
than three orders of magnitude faster than that for Sso1p-Sec9CT
assembly. The shorter Sso1CT construct formed binary complexes
with essentially identical kinetics (5.8 = 0.8 x 103 M-* s%; data not
shown). We also reexamined Ssolp—Sec9CT assembly using this
CD assay with results (k = 3.9 = 1.1 M-t s for experiments with 20
UM each protein) very similar to those obtained by gel filtration.
Thus, deleting the SSoINT domain accelerates binary complex for-
mation ~2,000-fold, implicating this domain in the regulation of
SNARE complex assembly.

Even the relatively fast association and folding of
Ss01CTa—Sec9CT is ~100-fold slower than that observed for previ-
ously-studied homodimeric coiled coils**. Nonetheless, under the
conditions employed in this study, folding shows two-state behav-
ior: the entire magnitude of the CD signal change during the folding
process is accounted for by a single kinetic phase, with no evidence
for faster-folding phases during the dead-time of manual mixing.

We postulated that the SSoINT domain may block binary com-
plex formation by interacting intramolecularly with the SsolCT

nature structural biology ¢ volume 5 number 9 « september 1998

domain. Consistent with this hypothesis, we find that the separate
SsoINT and Sso1CT domains bind one another (Fig. 6¢). Binding
is observed as a shift in the gel filtration elution volume of SSOINT
caused by binding to SsolCT, which does not itself absorb at
280 nm. Tailing of the complex peak establishes that the off-rate is
significant relative to the time required for gel filtration (~20 min).
Although these experiments suggest that SSOINT-Sso1CT binding
in trans is relatively weak, the effective concentration of the two
domains within the intact protein may be very high.
Ss0INT-SsolCT binding is not accompanied by a detectable net
change in secondary structure (data not shown).

Rapid ternary complex formation

Ternary complexes assemble rapidly upon mixing Snc2p with pre-
formed Ssol1p—Sec9CT or Sso1CTa—SecOCT (Fig. 7). Like binary
complex formation, ternary complex formation is well-described
by a second-order reaction (Sso-Sec9CT + Snc2p -
Ss0-Sec9CT-Snc2p). The rate constant (~6 x 10° M- s7%; see Fig. 7
legend) is not affected by the presence or absence of the SSOINT
domain. For Ss01CTa—Sec9CT-Snc2p, the final a-helicity is some-
what concentration-dependent (Fig. 7b), possibly because the for-
mation of higher-order structures is accompanied by further
o-helix formation.

These results, together with our inability to observe
Sec9CT-Snc2p or Sso-Snc2p complexes even at high (>10 pM)
protein concentrations (data not shown), argue strongly that yeast
post-Golgi SNARE complex formation in vitro occurs through a
rate-limiting Ssolp—Sec9CT assembly step, after which ternary
complex formation is relatively rapid (Fig. 7). Furthermore, they
establish that the SSoINT regulatory domain inhibits only binary
complex formation, not ternary complex formation.

Functional implications

The recent finding that v—t SNARE complexes are sufficient to
mediate membrane fusion® suggests that regulating their assembly
is crucial in controlling the activity and specificity of the cellular
membrane fusion machinery. Our results show that an N-terminal
domain of Ssolp (Sso1INT) is a potent intramolecular inhibitor of
binary SNARE complex formation. The SsoINT domain inhibits
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Fig. 8 Schematic model for SNARE assembly.
Participating SNARE domains are initially unfold-
ed except for Ssolp, whose N-terminal regulatory
domain (Sso1NT; oval) blocks access to the C-ter-
minal SNARE-binding domain (magenta). Upon
activation by unknown factors (see text), the
Ssolp SNARE-binding domain is freed to form
binary, and subsequently ternary, complexes. For
constructs lacking the Sso1NT domain, the rate of
uncatalyzed binary complex formation is 2,000-
fold faster. Activation may be followed directly
by binary complex formation; alternatively, the
activated state might be bound by a stabilizing
factor such as Seclp (see text). Fusion occurs after
ternary complex formation®.

complex formation by a kinetic mechanism, slowing the rate of this
assembly reaction 2,000-fold (Fig. 6a,b). The stability of the com-
plex, once formed, is relatively insensitive to the presence of the
SsoINT domain (Fig. 4), ruling out an alternative, primarily ther-
modynamic, model. Binary t-SNARE complex formation is likely to
be rate-limiting for the overall SNARE assembly reaction, since pre-
formed binary complexes form ternary complexes rapidly (Fig. 7).

The SsoINT domain appears to block complex formation by
interacting intramolecularly with the C-terminal SNARE-binding
domain (Fig. 8). The isolated SsoINT domain binds SsolCT (Fig.
6¢), albeit with modest affinity. In intact Ssolp, it is entirely plausi-
ble that the effective concentration of the covalently-attached
SsoINT domain is sufficiently high to slow binary SNARE complex
formation dramatically. In this case, SNARE complex formation in
the absence of additional activating factors would need to await the
infrequent spontaneous release of the C-terminal domain.

Although Ssolp and Sec9p are both localized to the plasma
membrane in vivo, only a very small fraction of the Sec9p (<1%) is
associated with Ssolp in extracts (P. Brennwald, pers. comm.). We
find that binary complexes are stable, arguing against the possibili-
ty that they fall apart during isolation. Thus, only a small pool of
assembled (that is, active) binary t-SNARE complex appears to
exist at steady state in vivo. Since we have found that the rate of
spontaneous Ssolp-Sec9p assembly is unphysiologically slow, we
propose that assembly is catalyzed in vivo by factors that regulate
docking and/or fusion (Fig. 8).

Although Ssolp and Sec9p are found throughout the periphery
of the cell, assembly of binary complexes could be restricted by
localized activating factors. Such activating factors could serve to
spatially restrict Ssolp—Sec9p activity to the bud tip, the site of exo-
cytosis in yeast®. In principal, any specialized feature of the bud tip
could serve to release SSOINT inhibition. Several proteins or pro-
tein complexes, including the so-called Exocyst complex33, are
found specifically at the bud tip and, as such, are particularly
attractive candidates.

Post-Golgi vesicles may also carry factors that can activate binary
t-SNARE complex assembly in response to vesicle arrival. Members
of the Rab family of small Ras-like GTPases, localized on vesicles,
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have been shown to facilitate vesicle docking and/or SNARE assem-
bly28-3038_ For trafficking from the Golgi to the plasma membrane
in yeast, genetic evidence places the relevant Rab protein (Sec4p)
upstream of Sec9p't. Our results suggest that upstream activators
including Sec4p may influence Sec9p activity through Ssolp, by
relieving the intramolecular inhibition exerted by the SsoINT
domain.

Members of the Secl protein family can also influence SNARE
assembly through interactions with t-SNAREs. In fact, SSO1 and
SSO2 were originally isolated as high copy suppressors of tempera-
ture-sensitive sec1 mutants®2. Although evidence for a direct physi-
cal interaction between Ssolp (Sso2p) and Seclp has not been
reported, their neuronal counterparts syntaxin and the peripheral
membrane protein n-Secl form tight complexes that prevent syn-
taxin from binding to the other neuronal SNAREs3. Likewise, the
yeast Seclp homolog Slylp appears to play a similar role in endo-
plasmic reticulum to Golgi transport, binding tightly to the Ssolp
homolog Sed5p%, In this case, the Rab protein Yptlp facilitates
dissociation of Sly1p, allowing Sed5p to bind v-SNAREs®, By anal-
ogy, Seclp and Sec4p may act in concert, perhaps with the assis-
tance of other proteins, to catalyze Ssolp—Sec9p assembly.
Thereafter, ternary complex formation would be rapid and sponta-
neous.

Several potentially related functions have been ascribed to N-ter-
minal regions of syntaxin analogous to SSo1NT. Syntaxin residues
1-193 inhibit the weak binary interaction between a C-terminal
region (residues 194-267) and the v-SNARE VAMP/synapto-
brevin?., It has also been reported that N-terminal regions of syn-
taxin are required for the disassembly of SNARE complexes by
NSF/SNAPs#41, The apparent difference in stoichiometry between
yeast (1:1) and neuronal (2:1) binary complexes!®252 suggests that
the neuronal SNARE assembly pathway may differ in some respects
from the yeast pathway. Nonetheless, it is attractive to speculate
based on our results that an N-terminal domain of syntaxin may
function to inhibit reassembly in NSF/SNAP disassembly reactions,
rather than by being required for disassembly directly. Kinetic
analysis of syntaxin~-SNAP-25 assembly will be necessary to test
this possibility.
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Structural implications

Results presented here are consistent with the hypothesis, based on
sequence analysis and site-directed mutagenesis?®2+42, that SNARE
proteins form a-helical coiled coils upon complex formation. The
SNARE domains involved in complex formation are individually
unfolded, as expected for polypeptide segments that, upon combi-
nation, form coiled coils. Furthermore, binary and ternary SNARE
complexes display unusually high a-helix contents (70% and
>85% respectively); for Sso1CTa-Sec9CT-Snc2p, this implies that
fewer than seventy (of 451) residues occupy non-helical conforma-
tions. Binary, and particularly ternary, SNARE complexes are ther-
mostable, as has been found for other long coiled coils (for
example, the triple-stranded coiled coil cores of influenza and HIV
fusion proteins*#4). For Ssolp, the C-terminal region predicted to
form a coiled coil contributes most of this stability.

The dimensions of the rod-like core of the homologous neuronal
SNARE complex (approximately 4 x 13 nm) are also consistent
with a coiled coil”. Tagging experiments show that both syntaxin
and VAMP run the entire length of the neuronal SNARE complex,
with the N-terminal ends of both proteins at one end of the rod and
both C-terminal ends at the other”8. Therefore, it seems likely that
each SNARE contributes at least one helix to a multi-stranded
coiled coil. One attractive model, based on sequence analysis, is
that Ssolp and Snc2p each contribute one helix to a four-stranded
coiled coil, while Sec9CT contributes two?. This model draws sup-
port from recent biochemical analyses of neuronal SNARE com-
plexes in which two discrete segments of the Sec9 homolog
SNAP-25 are protected from trypsin digestion in ternary SNARE
complexes*46, but definitive confirmation awaits high-resolution
structural analysis.

Methods

Plasmid assembly. Genes encoding yeast post-Golgi SNAREs were
obtained from Sirkka Keranen (Ssolp, Sso2p), Jeffrey Gerst (Snc2p), and
Patrick Brennwald (Sec9p). PCR amplification was used to introduce
restriction sites used for cloning coding sequences into expression plas-
mids (PCR primer sequences are available upon request). Plasmids
expressing Factor X, (FX,)-cleavable GST fusion proteins were assem-
bled by cloning Ssolp[1-265] (Ssolp), Ssolp[192-265] (SsolCT),
Ss01p[146-265] (SsolCTa), Sso2p[1-269] (Sso2p), Sso2p[196-269]
(Ss02CT), and Snc2p[1-92] (Snc2p) into pGEX-3X (Pharmacia Biotech).
After FX, cleavage, one or more heterologous residues remain at the N-
terminus of Snc2p (Gly-), Ssol1CT (Gly-lle-Arg-), and Sso1CTa (Gly-lle-).
Ssolp, Ssolp[1-145] (SsolNT), Sso2p, and Sec9p[416-651] (Sec9CT)
were cloned into the T7 expression plasmid pLM-147. All coding regions
were sequenced to confirm that no errors were introduced by PCR.

We noted a discrepancy between the amino acid sequence of Sso2p
derived from YEpSSO212 and the sequence deposited in the Yeast
Protein Database, resulting in the amino acid change Gluy, — Lys.
Therefore, we modified our pGEX-Sso2p, pGEX-Sso2CT, and pLM1-
Sso2p expression plasmids by PCR to match the amino acid sequence in
the Yeast Protein Database, and used the corresponding proteins
throughout these studies.

Purification of recombinant proteins. GST fusion proteins were
purified from E. coli BL21 cells carrying pGEX expression plasmids
essentially as described“®. Soluble SsolCT, SsolCTa, and Snc2p were
released by FX, cleavage of GST fusions immobilized on glutathione
agarose (Sigma). FX, purified from bovine blood* was added to the
slurry at an enzyme:substrate ratio of ~1:200 (w:w) and the mixture
incubated at 4 °C for 2 h, after which the protease was inactivated by
adding 1,5-DNS-GGACK,HCI (CalBiochem) to 2 puM. The SsolCT or
SsoCTa released by FX, was further purified by anion exchange, while
Snc2p was further purified by cation exchange (MonoQ or Monos,
respectively; Pharmacia). Pure fractions were concentrated by ultrafil-
tration (Millipore Ultrafree-15) and stored frozen at -80 °C.

Ssolp, Sso1NT, Sso2p and Sec9CT were purified from BL21(DE3) cells
carrying pLM1-derived expression plasmids. Overproduction of Sec9CT
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was limited by poor codon usage: in the Sec9CT mRNA, 17 of 21 Arg
codons require the ArgU tRNA, present in E. coli in limiting quanti-
ties®. Therefore, to obtain reasonable expression of Sec9CT, it was nec-
essary to cotransform cells with a multicopy plasmid (pDC952) carrying
the ArgU tRNA gene, a kind gift from James Walker (University of
Texas, Austin). Ssolp and Sso2p were purified using DEAE Sepharose,
Q Sepharose, Phenyl Sepharose, Superdex 75, and MonoQ columns
(Pharmacia). Sec9CT was purified using Q Sepharose, Phenyl
Sepharose, Superdex 200, and MonoQ columns. Sso1NT was purified
using Q Sepharose and Superdex 75 columns. Complete experimental
details are available from the authors upon request. Purified proteins
were concentrated using a stirred cell with YM10 ultrafiltration mem-
branes (Amicon) and stored frozen at -80 °C.

Purified Ssolp, Ssol1CT, Sso1CTa, Sso1NT, Sec9CT and Snc2p were
at least 90% homogeneous as judged by overloaded Coomassie-
stained SDS-PAGE gels. The precise mass (+0.01%) of each protein
was confirmed by electrospray ionization mass spectrometry.
Protein concentrations were determined by absorbance in 6 M
guanidine hydrochloride®! or by a quantitative ninhydrin assay®?
using leucine as a standard. Where both methods could be used,
results agreed within 10%.

Solid-phase binding assays. Glutathione Sepharose beads with
immobilized GST-Ssolp, -Sso1CT, -Sso2p, or -Sso2CT were equilibrated
in binding buffer (10 mM potassium phosphate, 140 mM KCI, pH 7.4).
Soluble proteins were dialyzed against the same buffer.
Approximately equimolar mixtures of glutathione-immobilized and
soluble protein(s) (7 UM each) were incubated in binding buffer
12-14 h at 4 °C with mixing. The resin was pelleted and the super-
natants were removed; pellets were washed four times with binding
buffer. Equivalent aliquots of supernatants and pellets were analyzed
on SDS-PAGE gels stained with Coomassie Blue R-250.

Circular dichroism spectroscopy. Samples for circular dichroism
(CD) spectra and temperature melts were prepared by adding the
appropriate proteins to a final concentration of 5 uM each in binding
buffer, and then preincubating the sample at 18 °C to allow complex
formation to proceed to completion. For complexes involving Ssolp,
where complex formation is not complete after 24 h, complexes were
prior to CD analysis. For kinetic analysis of SNARE complex assembly,
samples were mixed manually and immediately transferred into the
spectrometer; the resulting dead time (15-45 s) was factored into the
data analysis (see below). Binary Sso1p-Sec9CT complexes were isolat-
ed by mixing equimolar amounts of Ssolp and Sec9CT, incubating 18 h
at 18 °C in binding buffer, purifying the complex on a MonoQ column
at pH 7, and exchanging the complex back into binding buffer.

CD data were collected using an AVIV 62DS CD spectrometer.
Spectra from three consecutive scans (250-200 nm, 1 s averaging time,
0.5 nm steps) were averaged. For thermal unfolding experiments, data
at 222 nm were recorded (1 min temperature equilibration, 0.5 min
averaging time, 1 °C steps). Complex formation was monitored by
recording data at 222 nm at 5 s intervals after manual mixing. Spectra
and melts were acquired using a 1 mm pathlength quartz cuvette;
kinetic measurements were acquired using either 1 cm or 1 mm path-
length quartz cuvettes. a-helix content was estimated from [6],,,%.

Analytical ultracentrifugation. Sedimentation equilibrium experi-
ments were performed using a Beckman Optima XL-A analytical ultra-
centrifuge with an An60 Ti rotor. Snc2p, Sec9CT, Ssolp and SsolCT
were centrifuged individually and as equimolar binary and ternary
mixtures. For complexes, several concentrations between 1 and 10 uM
and multiple speeds from 4,000-20,000 r.p.m. were used at either 4 °C
(binary complex) or 18 °C (ternary complex). Absorbance was mea-
sured at several wavelengths between 235 and 288 nm depending on
the absorbance spectra of individual samples. Data were analyzed
using the HID software from the Analytical Ultracentrifugation Facility
at the University of Connecticut and a buffer density of 1.0032 g ml-L.

Gel filtration analysis of SNARE assembly. Mixtures containing
equimolar Ssolp and Sec9CT in binding buffer were incubated at
18 °C. At various times during this incubation, samples were removed,
centrifuged at 14,0009 for 10 min, and injected onto a Superdex 200
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10/30 column (4 °C) pre-equilibrated in binding buffer. Peaks moni-
tored by absorbance at 280 nm were integrated using the program
FPLC Director (Pharmacia). For the kinetic analysis shown in Fig. 6a,
equal amounts of protein (200 pl for 5 uM samples; 20 pl for 50 uM
samples) were injected onto the column. For SSo1NT-Sso1CT bind-
ing experiments, 250 pl samples (not centrifuged) were injected
onto the Superdex 200 10/30 column running at 0.7 ml min-.

Kinetic analysis. The rate constant, k, for the formation of each
SNARE complex was calculated by fitting kinetic data to the equa-
tion 6(t) = B, + (0.~ 6p)(Ackt)/(Ackt + 1) using the program
Kaleidagraph (Abelbeck Software). This equation was derived from
the integrated rate law of the second order reaction A + B - P for
the case in which A = B,. In this treatment, 6(t) is the value of the
experimental observable (peak area for gel filtration experiments
or mean residue ellipticity for CD experiments) at time t, 6, is the
experimental observable at t = 0, 8,, is the experimental observable
att = oo, Ay ( = Byp) is the initial concentration of each reactant in
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