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Formation of a yeast SNARE complex is accompanied by significant 
structural changes 
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Abstract The evolutionarily conserved SNARE (SNAP recep-
tor) proteins and their complexes are key players in the docking 
and fusion of secretory vesicles with their target membrane. 
Biophysical techniques were used to characterize structural and 
energetic properties of the cytoplasmic domains of the yeast 
SNAREs Sncl and Ssol, of the SNAP-25-like domain of Sec9, 
and of the Ssol:Sec9 and Ssol:Sec9:Sncl complexes. Individu-
ally, all three SNAREs are monomeric; Ssol shows significant 
secondary structure while Sncl and Sec9 are largely unstruc-
tured. Ternary SNARE complex formation (Kn < 50 nM) is 
accompanied by a more than two-fold increase in secondary 
structure. This binding induced structure, the large increase in 
thermal stability, and the self-association of the ternary complex 
represent conserved properties of SNAREs that are probably 
important in vesicle docking and fusion. 
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1. Introduction 

Intracellular membrane fusion is mediated by a complex 
and as yet poorly understood sequence of protein-protein in-
teractions orchestrated by a set of conserved proteins. In neu-
ronal exocytosis, these include the plasma membrane associ-
ated proteins syntaxin and SNAP-25, and the vesicular 
protein synaptobrevin (also referred to as VAMP). Each of 
these proteins represents a small protein family with distantly 
related members apparently expressed in all eukaryotic cells 
(for review, see [1,2]). 

While the function of these protein families in membrane 
fusion is not understood, the biochemical properties of the 
neuronal proteins have been studied in some detail. It was 
shown that these three proteins spontaneously assemble into 
a stable ternary complex [3-6] which can recruit a member of 
the SNAP (soluble NSF attachment protein) family. Recruit-
ment of SNAPs allows recruitment of NSF (V-ethylmaleimide 
sensitive fusion protein, Sec 18 in yeast), an ATPase that cata-
lyzes the temporary dissociation of the ternary SNARE com-
plex [3,5,7,8]. 
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Abbreviations: CD, circular dichroism; NSF, JV-ethylmelamide sensi-
tive factor; SNAP, soluble NSF attachment protein; SNARE, SNAP 
receptor; NMR, nuclear magnetic resonance; DTT, dithiothreitol; 
SNAP-25, synaptosomal associated protein of 25 kDa; VAMP, vesicle 
associated membrane protein; IPTG, isopropylthiogalactoside; GST, 
glutathione-S'-transferase; SDS, sodium dodecyl sulphate; EDTA, 
ethylenedinitrilo tetraacetic acid; PMSF, phenylmethylsulphonylfluor-
ide; PCR, polymerase chain reaction 

The SNARE hypothesis postulates that the SNARE pro-
teins are responsible for the specificity in vesicular transport 
[3,9], and that the mechanism by which specific fusion is 
achieved is conserved throughout the eukaryotic kingdom. 
According to this model, each transport vesicle carries a par-
ticular SNARE (v-SNARE), and each acceptor membrane 
carries another SNARE (t-SNARE). Specific interactions be-
tween v- and t-SNARE(s) would be the mechanism by which 
docking selectivity is achieved. Certain aspects of the SNARE 
hypothesis have recently become the subject of some debate, 
largely because of results obtained from the in vitro reconsti-
tution of homotypic vacuole fusion [10,11] and because of the 
isolation of SNARE complexes on purified vesicles [12]. 

The sequence conservation between evolutionarily removed 
members of the syntaxin, SNAP-25, and synaptobrevin gene 
families is quite limited. If SNARE proteins indeed operate by 
a similar mechanism, then the structural properties of dis-
tantly related SNARE proteins and their complexes should 
be more similar than the primary sequence would suggest. 
Structural and conformational changes during SNARE as-
sembly and disassembly may form the basis of membrane 
fusion, and therefore should be highly conserved. It is there-
fore essential to discover whether sets of distantly related 
SNARE proteins are structurally similar and/or undergo sim-
ilar assembly-disassembly reactions. Comparative studies of 
this kind may prove instrumental in establishing a common 
and basic mechanism by which these proteins operate. 

In order to identify potentially conserved structural and 
energetic hallmarks of SNARE proteins, an extensive bio-
physical characterization of the yeast SNARE proteins Ssol 
[13], Sec9 [14], and Sncl [15,16], was performed. Two of the 
three SNAREs are largely unstructured in vitro, and major 
structural changes occur when SNAREs bind each other to 
form stable complexes. Estimated dissociation constants for 
the Ssol:Sec9 and the Ssol :Sec9:Sncl complexes were unex-
pectedly high. Examination of the oligomerization state of 
individual proteins and their complexes revealed multimeriza-
tion of the ternary complex. Tight binding, binding induced 
structure, and multimerization of the ternary complex are 
properties that are likely to play an important role in the 
docking/fusion process. 

2. Materials and methods 

2.1. SNAP-25-like domain of Sec9 gene synthesis 
Eight overlapping single-stranded oligonucleotides were synthesized 

to cover the entire coding region of the SNAP-25-like domain of Sec9 
(residues 401-651). Codons used less than 14% (for a particular amino 
acid) of the time in genes from Gram-negative bacteria were replaced 
with more favorable ones. A total of 77 codons were replaced. The 
sequences of the eight oligonucleotides were as follows: 
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(1) cccgggatccatatggctcagcgtggttacaaaacctttgaagaaatccagaaagaagagg-
aggctcgccagcagcaggaagaagatgaagcagtagatgaaatc. 

(2) ccagggtgttcatacctgcacgttccgcgtcctgagccattttcagggtgttgcgagtagaagc-
tacggaagactgtttagtaaatttgatctcctgcttgatttcatctactgcttcat. 

(3) tgcaggtatgaacaccctgggtatgctgggtcatcaatctgaacagctgaacaacgtagaag-
gtaacctggatctgatgaaggtgcaaaacaaagttgcagatgaaaaagttgcagaact. 

(4) tttacggttcttcagctgctcttcacgctcgcgacgacggcgcttggagttaaacgggttagaa-
acatgtacagccaggatagaacggttcagttttttcagttctgcaactttttcatc. 

(5) agcagctgaagaaccgtaaaattgaagaaaaactgatgcgcgagcaaaccagccagcaac-
tgtctcagtccactcaacgtatcgagggtgctatgaacgcaaacaacaacatcagcgagg. 

(6) cgatcaatttccagttccatttcgtcatcttcttcatcgttctcaaactgataacgctttgccttttc-
cagaacgttcttacgctgatagcgttcacgcacctcgctgatgttgttgttt. 

(7) atggaactggaaattgatcgcaacctggaccagattcagcaggttagcaaccgtctgaagaa-
aatggctctgaccactggtaaagaactggactctcagcaaaaacgtctcaacaacatt. 

(8) cccggatccctcgagttaacggatacctgccagacggttggtgttcatgtgcaggttgatatcc-
agatcatcagtgctttcctcaatgttgttgagacgtttttg. 

In the first reaction, oligonucleotides (1) and (2), (3) and (4), (5) and 
(6), and (7) and (8) were pairwise combined and extended using either 
Klenow fragment (New England Biolabs) or Pfu polymerase (Strata-
gene). Then, the overlapping, double-stranded products of the first 
two reactions ((l)+(2) and (3)+(4)) were combined and PCR amplified 
with Pfu polymerase using oligonucleotides (1) and (4) as primers. A 
similar reaction was performed for the overlapping, double-stranded 
products of the second two reactions using oligonucleotides (5) and 
(8) as primers. Finally, the overlapping, double-stranded products of 
these two reactions were combined and PCR amplified using oligonu-
cleotides (1) and (8) as primers. The DNA sequence was verified by di-
deoxy sequencing performed by the W.M. Keck Foundation Biotech-
nology Resource Laboratory at Yale University. 

2.2. Recombinant expression and purification 
The cytoplasmic domains of Ssol (residues 1-265) and Sncl (resi-

dues 1-93) were cloned into the GST fusion vector pGEX4T-l (Phar-
macia), and the SNAP-25-like domain of Sec9 was cloned into 
pGEX5X-3 (Pharmacia). Proteins were expressed in BL21 cells grown 
in Terrific broth. Cells were pelleted by centrifugation, re-suspended 
in lysis buffer (20 mM Tris pH 8.0, 250 mM NaCl, 5 mM EDTA, 2.5 
mM DTT, and 1 mM PMSF), and lysed by sonication. After clarifi-
cation of the lysate by centrifugation, the supernatant was mixed with 
approximately 8 ml of glutathione sepharose 4B (Pharmacia) for 30 to 
60 min. The beads were batch washed with lysis buffer, and with 
either thrombin buffer (20 mM Tris pH 8.0, 50 mM NaCl) for Ssol 
and Sncl, or with Factor Xa buffer (20 mM Tris pH 8.0, 150 mM 
NaCl, 1 mM CaCl2) for the SNAP-25-like domain of Sec9. 20 ml of 
the appropriate protease buffer was added to the beads, then either 
thrombin (Haematologic Technologies) or Factor Xa (Haematologic 
Technologies) for overnight cleavage with mixing at 4°C. The beads 
were then collected and washed twice, and the supernatant applied 
directly to an ion exchange column. Ssol and Sncl were purified on a 
Mono-S (Pharmacia) cation exchange column. The SNAP-25-like do-
main of Sec9 was purified on a Mono-Q (Pharmacia) anion exchange 
column and then on a Superdex 75 (Pharmacia) size exclusion col-
umn. The purifications resulted in very pure proteins as assessed by 
Coomassie (Fig. 1) and silver stained SDS gels (not shown). For 
purification of the binary and ternary complexes, equimolar amounts 
of the appropriate proteins were mixed and incubated for 1 to 2 h, 
and then applied to a Mono-Q anion exchange column. 

2.3. Size exclusion chromatography and multi-angle laser light 
scattering 

Analytical size exclusion chromatography coupled with multi-angle 
light scattering was performed at 4°C using a Superdex 200 10/30 gel 
filtration column (Pharmacia) equilibrated in 20 mM Tris pH 8.5, 300 
mM NaCl and a Mini-DAWN light scattering detector (Wyatt Tech-
nologies) with an attached interferometric refractometer (Wyatt Tech-
nologies) for protein concentration determination. Analysis was car-
ried out using the ASTRA software (Wyatt Technologies). The dn/dc 
(change in refractive index as a function of protein concentration, 
analogous to an extinction coefficient) is approximately constant for 
proteins and was set to 0.185 [17]. 

2.4. Equilibrium ultracentrifugation 
Ultracentrifugation was performed at 4°C using a Beckman Optima 

XL-I analytical ultracentrifuge in absorbance mode. Protein samples 
were in 10 mM Na phosphate pH 8.4, 300 mM NaCl. Three concen-

trations were used for each sample. For the Ssol:Sec9c complex, the 
three concentrations were: 2.28 μΜ, 1.51 μΜ, and 0.77 μΜ. For the 
Ssol:Sec9c:Sncl complex, the three concentrations were: 3.53 μΜ, 
2.34 μΜ, and 1.19 μΜ. A partial specific volume of 0.72 ml/g was 
used for the binary and ternary complexes. The solvent density used 
was 1.0075 g/ml. Six sector cells were used to collect data at multiple 
speeds and at multiple concentrations. Data sets for each protein were 
subjected to global analysis using the MICROCAL ORIGIN software 
(Beckman). 

2.5. CD spectroscopy 
Far UV CD spectra were recorded on an AVIV model 62DS CD 

spectrometer at 25°C in a 0.1 mm Hellma quartz cuvette. Five scans 
from 280 nm to 200 nm with averaging time of 1 s and step size of 0.5 
nm were averaged. Purified proteins or complexes were dialyzed 
against 10 mM phosphate buffer pH 8.4 containing 300 mM NaCl. 
Protein concentrations were determined by internally standardized 
amino acid analysis following acid hydrolysis (performed by the 
W.M. Keck Foundation Biotechnology Resource Laboratory at 
Yale University). For evaluation of changes in the CD spectrum at-
tributable to complex formation, the theoretical non-interacting spec-
trum was calculated from that of the individual proteins by 
Θ = Σ„, *Θ;/Σ„; where «¡ denotes the number of amino acids in protein 
i and Θ, is the observed mean residue ellipticity of protein i. Relative 
stoichiometries of 1:1 for the binary complex, and of 1:1:1 for the 
ternary complex were assumed (Fig. 1, equilibrium ultracentrifuga-
tion, and [18]). Thermal denaturation was performed in the same 
cuvette, with measurements taken every Io between 25 and 95, with 
1 min equilibration and 30 s averaging. 

2.6. Fluorescence spectroscopy 
Emission spectra were obtained at 25°C on a SPEX Fluoromax 

fluorometer with Sncl at a concentration of 2.5 μΜ in 10 mM Na 
phosphate pH 8.4, 300 mM NaCl. A 100 μΐ cuvette was used (Hell-
ma). Binary complex was added to indicated concentrations. Samples 
were equilibrated for several hours at 25°C, and excited at 295 nm in 
order to exclude any tyrosine fluorescence. Emission spectra were 
recorded between 305 and 400 nm using a 1 nm step size and 5 s 
integration time. 

2.7. Estimation of binding constants 
For the Ssol:Sec9c complex, equilibrium ultracentrifugation 

showed that the proteins were predominantly associated in the con-
centration range studied. Since the highest starting concentration of 
the sample was 2.3 μΜ (see above), this implies that for the equilib-
rium Ssol+Sec9c^Ssol:Sec9c, the dissociation constant is given by 
Κτ> < ([1—Χ][1—Χ])ΙΧ·23 μΜ, where x is close to 1. Making the con-
servative estimate that complex assembly was around 90% complete 
(i.e. χ«0 .9 ) we obtain KD < 50 nM. 

For the Ssol :Sec9c:Sncl complex, the fluorescence intensity in-
creased linearly with binary complex concentration up to saturation. 
Making similar arguments as above, this time concerning the equilib-
rium Ssol :Sec9c+Sncl ^ Ssol :Sec9c:Sncl, and using a concentration 
of 2.5 μΜ (see above), we obtain ΚΏ < 50 nM. 

3. Results 

3.1. Construction of a synthetic gene coding for Sec9 
All attempts to express a GST fusion with the SNAP-25-

like domain of Sec9 (residues 401-651, hereafter referred to as 
Sec9c) failed (P.B., unpublished). The codon usage of Sec9c 
suggested that a high number of rare codons (notably 26 rare 
A G G and A G A arginine codons) was responsible for the poor 
expression in bacteria. We optimized the codon usage by pre-
paring a synthetic gene (see Section 2) which allowed produc-
tion of Sec9c in sufficient quantities. 

3.2. Coiled coil predictions are not well conserved 
It has been suggested, based on primary sequence analysis, 

that S N A R E proteins interact with each other via coiled coil 
domains [6,19-22]. We have examined the predicted propen-
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Fig. 1. SDS and native gels. In both (a) and (b), samples loaded in the lanes marked Ssol:Sec9c and Ssol:Sec9c:Sncl were purified complexes, 
i.e. stoichiometric mixtures. A '+' indicates that a roughly equimolar amount of the indicated proteins was loaded, but a stable complex was 
not formed and therefore not purified, (a) 20% SDS gel electrophoresis of individual SNARE proteins, of all pairwise combinations, and of the 
three-way combination. 1 μΐ of each sample was loaded on the Phast gel (Pharmacia). Concentrations of the samples were between 0.5 and 1.5 
mg/ml. (b) 4—15% native gel electrophoresis on individual SNARE proteins, of all pairwise combinations, and of the three-way combination. 
Samples (1 μΐ) were applied directly to a 4-15% gradient Phast gel (Pharmacia). 

Fig. 2. Determination of the oligomerization state of the Ssol:Sec9c and Ssol:Sec9c:Sncl complexes. The binary complex behaves as a 1:1 het-
erodimer, and the ternary complex tends to self-associate. A: Representative sedimentation equilibrium data for the purified Ssol:Sec9c com-
plex at rotor speeds of 13 300 rpm (grey circles) and 20000 rpm (black circles). Solid lines show the global fit of a single species of Mr 66 kDa 
to data for all concentrations (see Section 2) at both rotor speeds. B: Representative sedimentation equilibrium data for the purified ternary 
complex at rotor speeds of 13000 rpm (grey circles) and 16000 rpm (black circles). Solid lines show a global fit to a monomer-tetramer equili-
brium, where the monomer is assumed to be a 1:1:1 Ssol :Sec9c:Sncl complex of Mr 70 kDa. The fit was performed using data for all concen-
trations (see Section 2) at both rotor speeds. This model (goodness of fit 1.46) is nearly indistinguishable from a monomer-pentamer model 
(goodness of fit 1.48). 
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Fig. 3. CD spectra of individual SNARE proteins. CD spectra (mean residue ellipticity [Θ]) were recorded in 10 mM Na phosphate pH 8.4, 
300 mM NaCl at 25°C. Ssol appears to have significant secondary structure content while Sec9c and Sncl do not. Concentrations are: Ssol, 
3.1 μΜ, Sncl, 5.9 μΜ, Sec9, 1.4 μΜ. 

sity of the yeast SNARE proteins to form coiled coils using 
the COILS [23] and the PAIRCOIL [24] programs (not 
shown). For the yeast proteins, the coiled coil scores are fairly 
weak. There is also significant variation in the predictions 
depending on which species or which algorithm is used. It is 
thus possible that these proteins do not form coiled coils at 
all, or that they form non-canonical coiled coils that are not 
well predicted by existing algorithms. 

3.3. Changes in mobility in native gel electrophoresis 
As a first step towards characterizing the yeast SNARE 

proteins, we performed native gel electrophoresis (Fig. 1). 
The only detectable binary interaction occurred between 
Ssol and Sec9c, consistent with results obtained using a 
GST fusion binding assay [18]. All three proteins were quan-
titatively incorporated into a stable ternary complex. Ssol, the 
purified binary complex of Ssol and Sec9c, and the purified 
ternary complex of Ssol, Sec9c, and Sncl all migrate as well-
defined bands on the native gel. Sec9c and Sncl run as diffuse 
bands and, surprisingly, penetrate the gel much less than Ssol. 
These differences in mobility probably do not result entirely 
from charge effects since these three proteins do not have 
greatly different isoelectric points (Ssol: 5.04, Sec9: 5.71, 
Sncl: 6.80). Instead, they could be due to conformational 
effects (see below). Unlike the neuronal ternary SNARE com-
plex [6], the yeast ternary complex is not resistant to SDS, 
even at room temperature (not shown). 

Since the electrophoretic separation in a native gel depends 
simultaneously on charge and size, our assay potentially pro-
vides some information about the conformation of the indi-
vidual proteins and their complexes. For example, the dramat-
ically different mobilities of Ssol and Sec9c upon native gel 
electrophoresis (Fig. 1) make it likely that Ssol adopts a much 
more compact conformation than Sec9c. Similarly, the mobil-
ity of Sncl would suggest that it might adopt a fairly non-
compact, extended conformation. Formation of higher order 
oligomers as an explanation of the low mobilities of Sec9c and 
Sncl can be ruled out because the individual SNAREs are 
monomeric (see below). 

The mobilities of the Ssol :Sec9c complex and of the Ssol: 
Sec9c:Sncl complex differ from any of the monomers. The 
Ssol:Sec9c complex migrates closer to Ssol than Sec9c, a 
striking change most likely explained by conformational 
changes that make the Ssol:Sec9c complex significantly 
more compact than Sec9c. The Ssol :Sec9c:Sncl complex mi-
grates slowest of all. Its mobility is substantially different from 
that of the binary complex. One explanation for the low 

mobility of the ternary complex is multimerization (see be-
low). 

3.4. Individual SNAREs and the Ssol:Sec9c complex are 
monomeric; the Ssol :Sec9c: Sncl complex self-associates 

Ssol, Sec9c, and Sncl migrate anomalously on size exclu-
sion columns compared to standards of known molecular 
weight (not shown). In contrast to size exclusion chromatog-
raphy, multi-angle laser light scattering [25] can be used to 
obtain the absolute molecular weight of a macromolecule 
without making any assumptions about its shape. Using this 
technique, all three SNAREs were shown to be monomeric 
(not shown). Equilibrium ultracentrifugation (in contrast to 
density gradient centrifugation) can also be used to obtain 
absolute molecular weights, and was used to investigate 
the association state of the Ssol:Sec9c complex, and of the 
Ssol :Sec9c:Sncl complex (Fig. 2A and B respectively). The 
data for the purified binary complex were well fit by assuming 
a single, heterodimeric species of about 66 kDa, in good 
agreement with the theoretical molecular weight of the binary 
complex of 60 kDa. The data for the purified ternary complex 
could not be well fit by assuming a single heterotrimeric spe-
cies of 70 kDa; this assumption clearly underestimated the 
average molecular weight of the sample. The data from the 
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Fig. 4. Changes in the CD spectra resulting from formation of the 
Ssol:Sec9c complex or of the Ssol:Sec9c:Sncl complex. CD spectra 
were recorded under identical conditions as in Fig. 3. Grey lines 
show the mean residue elipticity predicted for a theoretical, non-in-
teracting mixture (see Section 2) of the individual component pro-
teins. At right, the dashed line shows the mean residue ellipticity 
predicted for a theoretical, non-interacting mixture (see Section 2) 
of the binary complex with Sncl. Solid black lines show the ob-
served mean residue ellipticity. For both complexes, the observed 
mean residue ellipticity exceeds that predicted from theoretical, non-
interacting mixtures, suggesting that formation of the Ssol :Sec9c 
complex and of the Ssol :Sec9c:Sncl complex induces structure in 
some of the component proteins. Left panel: Ssol:Sec9c, 3.4 μΜ, 
right panel: Ssol:Sec9c:Sncl, 1.35 μΜ. 
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two highest centrifugation speeds could be reasonably well fit 
assuming a single heterotrimeric species of 70 kDa in equilib-
rium with a tetramer (4:4:4), or pentamer (5:5:5) of hetero-
trimers. Our data are not sufficient to fit a unique model of 
the oligomerization state, but clearly indicate that the SNARE 
complex has a tendency to self-associate. This tendency to 
self-associate was confirmed by multi-angle laser light scatter-
ing (not shown) and is a property specific to the ternary com-
plex since none of the component proteins, or the binary 
complex, self-associate. 

3.5. Circular dichroism spectra indicate structural changes 
The individual SNAREs, the Ssol:Sec9c complex, and the 

Ssol:Sec9c:Sncl complex are all well-defined entities (Figs. 1 
and 2) that can be isolated chromatographically. CD spectro-
scopy can therefore be used to investigate possible structural 
changes that may accompany binding events. Far UV CD 
spectra for Ssol, Sec9c, and Sncl are shown in Fig. 3. The 
spectrum for Ssol shows minima at 222 nm and 208 nm, the 
characteristic signature of oc-helical, or mixed a-helical/ß-sheet 
proteins [26]. The spectra for Sec9c and Sncl are very similar 
to each other and are suggestive of largely random coil con-
formation. The unstructured state of Sec9c and Sncl was 
recently confirmed by ongoing NMR studies (Fiebig et al., 
unpublished). 

Fig. 4 (left panel) shows the CD spectrum of the purified 
complex of Ssol and Sec9c (t-SNARE complex). It again dis-
plays the two minima characteristic of a-helical or mixed a-
helical/ß-sheet proteins. The observed spectrum is compared 
to the theoretical non-interacting spectrum obtained from the 
individual spectra of Ssol and Sec9c assuming 1:1 stoichiom-
etry (see Section 2). The difference between the theoretical 
non-interacting and the observed spectra suggests that the 
formation of the binary complex results in a significant in-
crease in secondary structure, which could arise from induc-
tion of structure in Ssol, Sec9c, or both. Fig. 4 (right panel) 
shows the CD spectrum recorded from the purified ternary 
complex. It too shows a significant a-helical signal, in large 
excess of that expected from computing the theoretical non-
interacting CD spectrum from spectra of the three individual 
proteins, or from the observed Ssol:Sec9c complex spectrum 
and that of Sncl. Again, this increase in mean residue ellip-
ticity could result from increases in any of the individual 
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Fig. 5. Thermal stability of Ssol and of the Ssol:Sec9c and Ssol: 
Sec9c:Sncl complexes. Change in mean residue ellipticity at 222 nm 
(Θ222) was measured as a function of temperature. Buffer conditions 
were as in Figs. 3 and 4. Measurements were made at Io tempera-
ture increments after 1 min of equilibration, and averaged for 30 s. 
The dashed line shows the denaturation profile for Ssol in both 
panels. Left panel: thermal denaturation profiles for Ssol and the 
Ssol:Sec9c complex (solid line), right panel: thermal denaturation 
profiles for Ssol and the Ssol:Sec9c:Sncl complex (solid line). 
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Fig. 6. Changes in tryptophan fluorescence resulting from formation 
of the Ssol :Sec9c:Sncl complex. The fluorescence intensity ratio is 
the measured fluorescence intensity divided by the fluorescence in-
tensity of 2.5 μΜ Sncl at 350 nm. The increase in fluoresence inten-
sity is saturable, and up to saturation increases linearly with Ssol: 
Sec9c complex concentration, suggesting very tight binding. All 
measurements were performed at 25°C. (a) Emission spectra of Sncl 
(2.5 μΜ) (lower line) and of Sncl (2.5 μΜ) combined with purified 
Ssol :Sec9c complex (3.2 μΜ) (upper line), (b) Increase in fluores-
cence intensity ratio as a function of Ssol :Sec9c complex concentra-
tion. 

protein's secondary structure content although most of the 
changes are likely to occur in Sec9c and in Sncl. The high 
mean residue ellipticity observed for the ternary complex sug-
gests a large a-helical content. 

As a first step towards characterizing the energetics of 
SNARE assembly, we have measured thermal denaturation 
profiles of Ssol, the Ssol:Sec9c complex, and the Ssol: 
Sec9c:Sncl complex. Fig. 5 (left panel) shows the thermal 
denaturation profiles for Ssol and the binary Ssol :Sec9c com-
plex, and Fig. 5 (right panel) shows the thermal denaturation 
profiles for Ssol and the ternary Ssol :Sec9c:Sncl complex. 
Ssol melts with a single transition with a Tm of about 48°C. 
The Ssol:Sec9c complex also unfolds in a single transition 
with a Tm of about 50°C. The melting profile of the ternary 
complex is more complicated, but it shows a cooperative tran-
sition at about 71°C. 

3.6. Increase in tryptophan fluorescence upon formation of the 
Ssol :Sec9c: Sncl complex 

There is a single tryptophan in the Ssol :Sec9c:Sncl com-
plex, at position 86 in Sncl which is close to (within ten 
residues) its putative transmembrane domain. Fig. 6 shows 
the result of titrating Sncl with increasing amounts of binary 
complex. Formation of the ternary complex causes a signifi-
cant increase in fluorescence intensity. The increase in fluores-
cence is saturable and up to saturation is linear with concen-
tration. This behavior could be explained by tight binding and 
by structural re-arrangements in the vicinity of the tryptophan 
residue. 

4. Discussion 

The importance of the SNARE proteins in vesicular traf-
ficking and fusion is widely accepted based on direct exper-
imental evidence from yeast genetics [11,13,14,16] and from 
studies of higher eukaryotes [27,28]. The precise function of 
the SNARE proteins, however, has yet to be determined de-
spite an increasing number of experiments performed in vitro 
with mammalian SNAREs [6,19-22,29]. In order to gain in-
sight into their function, we have performed an extensive bio-
physical characterization of the distantly related yeast 
SNAREs Ssol, Sec9c, and Sncl and of their complexes. Iden-
tification of evolutionarily conserved structural and energetic 
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properties of SNARE proteins should aid in elucidating a 
common mechanism for their function in membrane fusion. 

All in vitro yeast SNARE binding assays to date have been 
performed using GST fusion proteins [18]. Here we studied 
complexes of the yeast SNARE proteins in solution without 
fusion protein partners. The native gel assay used to examine 
interactions between the yeast SNARE proteins showed that 
the only dimeric interaction observed occurs between the two 
t-SNAREs, Ssol and Sec9c; comparable results have been 
obtained from similar studies using neuronal proteins (Fass-
hauer et a l , submitted). We also observe a stable ternary 
complex that can be purified chromatographically and that 
gives rise to a single band of very low but well-defined mo-
bility on a native gel (Fig. 1). 

We found significantly higher binding affinities than previ-
ously reported. Using our data we were able to estimate dis-
sociation constants for the binary and ternary complexes. The 
purified t-SNARE complex behaved as a well-defined hetero-
dimer of about 66 kDa during equilibrium ultracentrifugation 
(Fig. 2A) implying that it is predominantly associated and has 
a 1:1 stoichiometry. This leads to an estimate of the dissoci-
ation constant for Sec9c binding to Ssol at lower than 50 nM 
(see Section 2). The formation of the ternary complex is ac-
companied by a large increase in the intrinsic fluorescence of 
the only tryptophan in the ternary complex, W86 of Sncl 
(Fig. 6), and we used this signal to estimate that the dissoci-
ation constant for Sncl binding to the binary Ssol:Sec9c 
complex is also lower than 50 nM (see Section 2). 

The binary complex of Ssol and Sec9c showed significantly 
increased mean residue ellipticity compared to a theoretical, 
non-interacting mixture of the individual proteins (Fig. 4, left 
panel). Formation of the ternary complex is accompanied by 
yet another dramatic increase in mean residue ellipticity (Fig. 
4, right panel). These results suggest that large conformational 
changes occur when SNARE proteins bind each other. Our 
data does not specify which proteins acquire structure, but 
most of the changes probably occur in Sec9c and in Sncl 
because they are the least structured on their own. In terms 
of thermal stability, the binary Ssol:Sec9c complex is only 
marginally (if at all) stabilized compared to Ssol, while the 
ternary complex shows a significantly elevated thermal stabil-
ity. 

The dramatic structural re-arrangements provide several 
possible explanations for the origin of the tryptophan fluores-
cence signal. The increase in fluorescence intensity probably 
results from a change in the environment of the tryptophan, 
for example protection from collisional quenching by water. 
When the ternary complex forms, Sncl could become struc-
tured such that it folds onto itself and buries its own trypto-
phan. Alternatively, the environment of the tryptophan could 
change due to an oligomerization process. Finally, the prox-
imity of the binary complex could be responsible for the 
change in environment of the tryptophan. This could have 
dramatic consequences concerning the geometry of the ternary 
complex, and might imply that formation of the ternary com-
plex brings the vesicle and plasma membrane in close prox-
imity, perhaps even initiating or directly participating in the 
fusion event. 

The self-association of the 1:1:1 ternary complex into high-
er order oligomers could have important consequences for the 
fusion process. Oligomerization could be important in stabi-
lizing the vesicle while docked to the target membranes and/or 
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could aid in the formation of a fusion pore. Interestingly, 
multimerization of influenza virus fusion protein hemaggluti-
nin trimers has also been observed and has been speculated to 
play an important role in the fusion event [30]. 

The finding that Sec9c and Sncl are unstructured is a strik-
ing one, and we believe these unstructured states to be bio-
logically relevant for several reasons. First, the unstructured 
Sncl and Sec9c are soluble with no sign of aggregation even 
at high concentration (K. Fiebig, unpublished), and the Sec9c 
construct likely represents an independent domain because in 
the full-length protein it is preceded by a glutamine rich linker 
region. Second, Sec9c and Sncl are quantitatively incorpo-
rated into a ternary complex when combined with the third 
SNARE, Ssol. Third, similar unstructured states have been 
observed with neuronal SNAREs. Finally, the recombinant 
ternary complex is functional in the sense that it can bind 
Sec 17 (the yeast SNAP) with identical stoichiometry as the 
neuronal SNARE complex [18]. An unfolded state, even if 
transient, could couple the energetics of protein folding to 
that of vesicle docking or perhaps contribute to the fusion 
event itself. Unfolded to folded transitions have been sug-
gested to play an important role in other macromolecular 
recognition events, for example in site-specific DNA binding 
[31]. These transitions were suggested to contribute to the 
specificity of the recognition. It is intriguing to speculate 
that the unstructured state of some SNARE proteins, and 
the induction of structure upon binding, may be conserved 
biophysical properties that could have a functional role in 
the docking and fusion process. 
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