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Membrane fusion is a fundamental and highly regulated
process that is required for the transport of proteins, lipids, and
metabolites in all eukaryotes. Highly conserved SNARE2 (soluble
N-ethylmaleimide-sensitive factor attachment protein receptor)
proteins play a key role in the fusion of a transport vesicle with its
target membrane (1, 2). Specific sets of SNAREs located on vesicle
and target membranes form a complex that draws together
SNARE transmembrane domains, leading to juxtaposition and
fusion of the two lipid membranes. SNARE-mediated fusion processes are either constitutive or triggered, and they require additional SNARE-interacting factors, such as Munc13, Sec1/Munc
18-like proteins, synaptotagmins, and complexins (3, 4).
Neuronal SNAREs play a key role in the fusion of synaptic
vesicles with the plasma membrane, a process that is critical for
neurotransmission (5). Synaptic vesicles dock at the plasma
membrane and upon cell depolarization and Ca2⫹ entry fuse
with the plasma membrane, thus releasing neurotransmitters
into the synaptic cleft. The neuronal SNARE complex is composed of synaptobrevin 2, which is primarily localized to synaptic vesicles, and syntaxin 1A and SNAP-25, which are primarily associated with the plasma membrane.
The family of yeast SNAREs mediates constitutive fusion
between transport vesicles and intracellular organelles or the

* The costs of publication of this article were defrayed in part by the payment
of page charges. This article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
The atomic coordinates and structure factors (code 3B5N) have been deposited in
the Protein Data Bank, Research Collaboratory for Structural Bioinformatics,
Rutgers University, New Brunswick, NJ (http://www.rcsb.org/).
1
To whom correspondence should be addressed. Tel.: 650-736-1809; Fax:
650-736-1961; E-mail: brunger@stanford.edu.
2
The abbreviations used are: SNARE, soluble N-ethylmaleimide-sensitive factor attachment protein receptor; MES, 4-morpholineethanesulfonic acid.

JANUARY 11, 2008 • VOLUME 283 • NUMBER 2

plasma membrane (6, 7). Yeast has been a valuable system for
studying membrane fusion and vesicular transport because of
the ease of genetic and biochemical manipulations. Yeast is also
one of the first organisms that evolved to utilize intracellular
membrane fusion and therefore provides a valuable snapshot of
the fusion machinery in lower eukaryotes. The Saccharomyces
cerevisiae SNARE proteins involved in exocytosis at the plasma
membrane (the synaptobrevin homologue Snc1p, the syntaxin
homologue Sso1p, and the SNAP-25 homologue Sec9p) show
assembly properties similar to their neuronal and endosomal
homologues. Relative to the neuronal SNARE complex the S.
cerevisiae SNARE complex exhibits decreased thermal stability,
and prior to SNARE complex formation, Sso1p interacts with
Sec9p with 1:1 stoichiometry (as opposed to a mixture of 1:1
and 1:2 for the neuronal SNAREs) (8, 9).
Several structures of neuronal SNARE complexes and endosomal SNARE complexes have been solved from higher
eukaryotes (10 –13); however, no structural information is
available for lower eukaryotes. To dissect the differences
between S. cerevisiae, neuronal, and endosomal SNARE complexes we determined the structure of the S. cerevisiae plasma
membrane SNARE complex consisting of the cytoplasmic
SNARE core domains at 1.7 Å resolution. Surprisingly, we
found a larger number of buried water molecules compared
with the neuronal SNARE complex. We then performed
mutagenesis experiments to determine the influence of these
water molecules on the stability of the complex.

EXPERIMENTAL PROCEDURES
Protein Expression and Purification—The SNARE core
domains of Snc1p (residues 28 –92), Sso1p (residues 189 –257),
Sec9p (residues 429 –500), and Sec9p (residues 589 – 651) were
cloned into the pet28b vector (Novagen) with an N-terminal
His6 tag. All proteins were transformed into Escherichia coli
BL21DE3 cells and grown at 37 °C until an optical density
(measured at 600 nm) of 1.0 was reached. Protein expression
was induced with 0.5 mM isopropyl-1-thio-␤-D-galactopyranoside at 37 °C for 1–3 h. Cells were harvested by centrifugation
and frozen in liquid nitrogen.
For purification, cells were resuspended in lysis buffer (100
mM Tris, pH 8.0, 6 M GdHCl) and lysed by sonication. Lysate
was incubated in the lysis buffer for 1 h and then cleared by
ultracentrifugation before incubation with nickel-nitrilotriacetic acid resin for 4 h. The resin was washed with 250 ml of lysis
buffer, and proteins were eluted in 50 mM Tris, pH 8.0, 150 mM
NaCl, and 200 mM GdHCl. Ssop1 protein was prone to aggregation and thus the buffer was supplemented with 1.5 M urea.
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SNARE proteins form a complex that leads to membrane
fusion between vesicles, organelles, and plasma membrane in all
eukaryotic cells. We report the 1.7 Å resolution structure of the
SNARE complex that mediates exocytosis at the plasma membrane in the yeast Saccharomyces cerevisiae. Similar to its neuronal and endosomal homologues, the S. cerevisiae SNARE
complex forms a parallel four-helix bundle in the center of
which is an ionic layer. The S. cerevisiae SNARE complex exhibits increased helix bending near the ionic layer, contains waterfilled cavities in the complex core, and exhibits reduced thermal
stability relative to mammalian SNARE complexes. Mutagenesis experiments suggest that the water-filled cavities contribute
to the lower stability of the S. cerevisiae complex.

Structure of the S. cerevisiae Plasma Membrane SNARE Complex
TABLE 1
Refinement and model statistics
Space group
Cell dimensions
a, b, c (Å)

P21
76.9, 48.1, 110.3

Resolution (Å)

50.0-1.7

Measured reflections

313206

Unique reflections
Rmerge
Completeness (%)
I/(I)
Number of protein atoms
Water molecules

90852
4.5 (28.2)
94.0 (66.0)
23 (3.1)
6064
592

Overall B factor value (Å2)

27.5

Rcryst

20.7

Rfree

24.7

Ramachandran
Most favored regions
Additional allowed regions
Generously allowed regions
Disallowed regions

0.007
0.78
99.8
0.2
0.0
0.0

His6 tags were removed by thrombin cleavage at room temperature for 2 h, and cleavage was verified by mass spectrometry.
Complex Formation—The ternary complex was assembled
by mixing Snc1p, Ssop1, Sec9p (residues 429 –500), and Sec9p
(residues 589 – 651) at a 1:1:1:1 molar ratio in 6 M GdHCl, followed by overnight dialysis into 50 mM Hepes, pH 7.5, 250 mM
NaCl. After dialysis, the S. cerevisiae SNARE complex was
diluted to 75 mM NaCl and purified by MonoQ ion exchange
chromatography followed by size exclusion chromatography
on a Superdex75 16/60 column in 50 mM Hepes, pH 7.5, 150 mM
NaCl.
Crystallization, Data Collection, and Refinement—S. cerevisiae SNARE complex crystals were grown by the hanging drop
method at 25 °C using a precipitant solution containing 100 mM
MES, pH 6.25, 30% 2-methyl-2,4-pentanediol, 200 mM sodium
bromide. Square-shaped crystals appeared in a few days and
grew to ⬃200 ⫻ 200 ⫻ 200 m. Crystals were directly flash
frozen in liquid nitrogen. Diffraction data were collected at
Stanford Synchrotron Radiation Laboratory (SSRL) beamline
11–1. The crystals belong to the space group P21 with unit cell
dimensions a ⫽ 76.9 Å, b ⫽ 48.11 Å, c ⫽ 110.3 Å, and ␤ ⫽ 97.7°
and diffracted to 1.7 Å resolution (Table 1). All diffraction data
were processed with DENZO and SCALEPACK (14).
A polyalanine model of the neuronal SNARE complex (Protein Data Bank code 1N7S) was used for a molecular replacement search in PHASER (15). Three copies of the S. cerevisiae
SNARE complex were located in the asymmetric unit. Alternate cycles of model building using the program COOT (16),
positional, TLS, and individual restrained thermal factor refinement in the Crystallography and NMR System 1.2 (CNS) (17,
27), and PHENIX (18) and addition of water molecules reduced
the R and free R values to 20.7 and 24.7%, respectively, for all of
the reflections (1.6 Å resolution). A total of 99.8% of the residues in S. cerevisiae SNARE complex are in the most favored
regions of the Ramachandran plot, and 0.2% in the additional
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FIGURE 1. Superposition of the S. cerevisiae, neuronal, and endosomal
SNARE complexes. A, superposition of the S. cerevisiae (red) and neuronal
(blue, PDB code 1N7S) plasma membrane SNARE complexes. B, superposition
of the S. cerevisiae plasma membrane (red) and early endosomal (cyan) (PDB
code 2NPS) SNARE complexes. C, superposition of the S. cerevisiae plasma
membrane (red) and late endosomal (green) (PDB code 2GL2) SNARE complexes. Figs. 1, 2, 3, and 6 were made with POVSCRIPT (25); Fig. 5 was made
with PyMOL (26).

allowed regions as calculated with PROCHECK (19). The final
model contains 6656 atoms (6064 protein and 592 waters). The
coordinates for the structure have been deposited in the Protein
Data Bank.
Mutagenesis—The removal of the first cavity was accomplished by a single mutation in Sec9p (T615M). The cavity 2
mutant consists of two mutations, T39V in Snc1p and S605I in
Sec9p. The cavity 3 mutant has a single mutation in Sec9p
(N486M). The removal of all three cavities was achieved by four
combined mutations (T39V in Snc1p, and N486M, S605I, and
T615M in Sec9p).
CD Analysis—CD data were collected on an Aviv 202– 01
spectrometer equipped with a thermoelectric unit using a
1-mm-path length cell. Protein samples were 50 M in buffer
containing 25 mM sodium phosphate, pH 7.5, and 150 mM KCl.
Protein concentrations were determined by UV spectrophotometry at 280 nm and BCA assay (Pierce). Thermal melts were
monitored at 222 nm. Data were collected every 2 °C with an
equilibration time of 2 min and an averaging time of 15 s. All
VOLUME 283 • NUMBER 2 • JANUARY 11, 2008

Downloaded from www.jbc.org at Stanford University on January 5, 2008

Root mean square deviation
Bonds
Angles

Structure of the S. cerevisiae Plasma Membrane SNARE Complex

JANUARY 11, 2008 • VOLUME 283 • NUMBER 2

JOURNAL OF BIOLOGICAL CHEMISTRY

1115

Downloaded from www.jbc.org at Stanford University on January 5, 2008

would clash with Gln-468 (one of
the three ionic layer glutamines) if
it had the conformation of the
neuronal complex. Therefore, the
backbone of Sso1p near residue 225
is pushed 1.0 –1.7 Å away from the
ionic layer (Fig. 2B; note the hydrogen bonding network involving
Gln-225 in Fig. 2C), causing the
more pronounced bending of the
Sso1p helix. The degree of bending
varies between the three independent S. cerevisiae SNARE complexes
in the asymmetric unit, suggesting
that this region of the S. cerevisiae
SNARE complex is flexible in
solution.
To investigate the contribution of
the Sso1p bending to the stability of
the S. cerevisiae SNARE complex,
we created a Q225G mutant of
Sso1p. The Q225G mutant should
allow the S. cerevisiae SNARE complex to form a complex with a less
FIGURE 2. Helix bending near the ionic layer in the S. cerevisiae plasma membrane SNARE complex. pronounced bend at the ionic layer.
A, ribbon diagram of the superposition of S. cerevisiae Sso1p (red) and neuronal syntaxin 1A (orange), showing However, the mutation decreased
the increase in the helix bending of Sso1p in the S. cerevisiae SNARE complex. B, close-up of the region near
Gln-225. The syntaxin 1A helix is shown in orange, Sso1p in red, Snc1p in blue, and Sec9p in green. The distances the thermal stability of the complex
between the C␣ position of Gly-227 in syntaxin 1A and the C␣ positions of Gln-225 in the three S. cerevisiae by 2 °C (not shown), suggesting that
SNARE complexes in the asymmetric unit are 1.0, 1.4, and 1.7 Å, respectively. Gly-227 is the syntaxin 1A residue the increased bending angle of
equivalent to Gln-225 in S. cerevisiae Sso1p. C, simulated annealing A-weighted omit map contoured at 3  of
residues forming a hydrogen bond network with Gln-225 in Sso1p. Color coding is as in panel B. Ionic layer Sso1p is not destabilizing.
residues are shown in thin sticks, whereas other residues interacting with Gln-225 are shown as thicker sticks
Interestingly, residue Gly-227 in
with their electron density superimposed.
syntaxin 1A (equivalent to Gln-225
in S. cerevisiae Sso1p), which does
temperature melts were performed at least four times and not induce bending of the neuronal SNARE complex, is almost
entirely conserved among syntaxins involved in plasma memaveraged.
brane fusion and in endosome/lysosome fusion (Syntaxins 1A,
RESULTS AND DISCUSSION
2, 3, 4, 7, 12, and 16). It is, however, variable in Golgi, endoplasAlthough the level of sequence identity between neuronal mic reticulum, and yeast syntaxins, where its identity varies. It
and S. cerevisiae SNAREs is not exceptionally high (Snc1p and is difficult to directly compare the differences in bending
synaptobrevin 2 (36%), Sso1p and syntaxin 1A (50%), and Sec9p between S. cerevisiae and endosomal SNARE complexes due to
and SNAP-25A (32%)), the overall structure of the S. cerevisiae increasing differences in helix position, especially toward the
SNARE complex is very similar to that of neuronal and endo- SNARE complex termini. The endosomal SNARE complexes,
somal SNARE complexes (Fig. 1). All structures consist of a like the neuronal SNARE complex, have a glycine at residue 227
four-helix bundle with all four helices arranged in parallel, i.e. (residue 225 in neuronal syntaxin 1A). Inspection of the structheir N and C termini are aligned and there is an ionic layer tures suggests that the degree to which the syntaxin helix is
composed of one arginine and three glutamine residues at the pushed out is governed by the size of side chains in the ⫹1 layer.
Apart from the increased bending of the Sso1p helix at the
center of the complex. Interestingly, the structures of SNARE
complexes that are involved in plasma membrane fusion (the ionic layer, the ionic layer of S. cerevisiae SNAREs is very similar
neuronal and S. cerevisiae SNARE complexes) are more similar to that of the neuronal SNARE complex (Fig. 3, A and B), where
to one another than they are to the endosomal SNARE com- Arg-53 forms a hydrogen bond network with Gln-224, Gln-468,
plexes; the root mean square deviations between S. cerevisiae, and Gln-622 of Sso1p and Sec9p (Fig. 3A). The side chain of
and neuronal, early endosomal, and late endosomal structures Arg-53 adopts two different rotamers in the three independent
S. cerevisiae SNARE complexes in the asymmetric unit. Alterare 0.9, 2.3, and 1.4 Å, respectively.
A striking difference between the neuronal and S. cerevisiae native rotamers of the equivalent arginine residue in the ionic
SNARE complexes is a more pronounced helical bend near layer have also been observed in neuronal SNAREs (10).
One remarkable property of the neuronal SNARE complex is
the ionic layer (Fig. 2A). This increased bend is likely caused
by the glycine to glutamine (Gln-225) substitution in Sso1p. its high stability: The neuronal SNARE complex undergoes
The larger side chain in the S. cerevisiae SNARE complex cooperative unfolding with a melting temperature of ⬃90 °C

Structure of the S. cerevisiae Plasma Membrane SNARE Complex
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(Fig. 4) and resists SDS denaturation
up to 60 °C (10). The S. cerevisiae
SNARE complex is less stable and
melts at Tm ⫽ 55 °C (Fig. 4), nearly
35 °C lower than its neuronal homologue. In addition to its lower Tm,
the S. cerevisiae SNARE complex is
not SDS-resistant. The early and
late endosomal SNARE complexes
have melting temperatures of 87
(12) and 78 °C, respectively (20).
The melting temperature of the
S. cerevisiae SNARE complex increases with the length of the constructs from 55 to 64 °C when an
additional eight residues are
included at the N terminus of the
complex (data not shown). Similar
behavior was observed for the neuronal complex, where the Tm
increases from 90 to 95 °C (10). The
longer, more thermally stable S. cerevisiae SNARE complex, however,
diffracted only to ⬃3.5 Å resolution
and was not pursued further. Similarly, the longer neuronal SNARE
complex was solved at 2.4 Å resolution (11), whereas the shorter complex diffracted to 1.45 Å (10). The
effect of SNARE complex length is
further exemplified by our previous
report (9). The melting temperature
of the S. cerevisiae SNARE complex
consisting of Sso1p N-terminal
domain (residues 1–265), Snc1p
(residues 1–93), and Sec9p (residues 401– 651) is 71 °C (9), whereas
the S. cerevisiae SNARE complex
described here (Snc1p (residues
28 –92), Sso1p (residues 189 –257),
Sec9p (residues 429 –500), and
Sec9p (residues 589 – 651)) has a
reduced melting temperature of
55 °C. Therefore, the N terminus of
Sso1p, length of the S. cerevisiae
SNARE complex, or the linker
between the two Sec9p helices can
have a large effect on complex thermal stability. For these reasons, the
comparison of the S. cerevisiae and
neuronal SNARE complexes was
carried out with the shorter neuronal SNARE complex that has nearly
identical length (except for the SN1
fragment, which has eleven more
residues at the N terminus). The
early endosomal complex is also of
similar length to the S. cerevisiae
VOLUME 283 • NUMBER 2 • JANUARY 11, 2008
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FIGURE 4. Temperature melts of neuronal and S. cerevisiae plasma membrane SNARE complexes. The neuronal SNARE complex is shown as gray
squares (Tm ⫽ 90 °C), and the wild type S. cerevisiae SNARE complex is shown
as blue circles (Tm ⫽ 55 °C). Early and late endosomal SNARE complex melting
temperatures are also shown for comparison (Tm ⫽ 87 and 78 °C, respectively). Temperature melts of S. cerevisiae SNARE mutants are shown as follows: Cavity 1 mutant (Sec9p T615M), red (Tm ⫽ 57 °C); cavity 2 mutant (Snc1p
T39V and Sec9p S6O5I), green (Tm ⫽ 53 °C); cavity 3 mutant (Sec9p N468M),
cyan (Tm ⫽ 58.9 °C); all mutations combined, purple squares (Tm ⫽ 61.8 °C).

SNARE complex, whereas the late endosomal complex is
shorter at both N and C termini.
The core of the S. cerevisiae SNARE complex contains several unusual layers that may contribute to its lower stability. For
example, the neuronal SNARE complex has a methionine in the
⫺2 layer (Met-167 in SNAP-25), whereas the S. cerevisiae Sec9p
has a threonine (Fig. 3, C and D). The smaller side chain of
Thr-615 allows water to penetrate the center of the SNARE
complex, creating an internal water-filled cavity. Indeed, three
ordered water molecules are present in this layer (Fig. 3C).
These water molecules form hydrogen bonds to each other and
to Thr-461 and Thr-615 of Sec9p.
A second water-filled cavity is formed between the ⫺4 and
⫺5 layers in the S. cerevisiae SNARE complex (Fig. 3, E and F).
The presence of a water molecule at this position is made pos-

sible by a hydrophobic to hydrophilic change of two residues
compared to the neuronal SNARE complex: Val-36 in synaptobrevin 2 and Ile-157 in SNAP-25A versus Thr-39 in Snc1p and
Ser-605 in Sec9p (Fig. 3F). The water molecule is held in place
by forming hydrogen bonds to both Thr-39 in Snc1p and Ser605 in Sec9p (Fig. 3E).
A third cavity is present between the ⫹5 and ⫹6 layers. The
cavity is created by a change of methionine in SNAP-25 (Met71) to an asparagine residue (Asn-486) in the S. cerevisiae
SNARE complex. The water molecule in this cavity is not present in all three complexes in the asymmetric unit and most
likely is only partially occupied. In addition, two distinct conformations of Asn-486 can be seen in one of the three complexes, suggesting loose packing and conformational variability
in the ⫹5 and ⫹6 layers.
Comparison of all SNARE complex structures determined at
high resolution (2 Å or higher) showed that the S. cerevisiae
SNARE complex has the most water-filled cavities. To estimate
the destabilizing effect of water-filled cavities in the S. cerevisiae
SNARE complex, we mutated residues in these layers to match
those found in the neuronal complex, which contain no waterfilled cavities. Separate removal of cavities 1 and 3 stabilizes the
S. cerevisiae SNARE complex by 1.9 and 3.8 °C, respectively,
whereas removal of cavity 2 destabilizes the SNARE complex by

FIGURE 3. Comparison of the central ionic layer and ⴚ2, ⴚ4/ⴚ5, and ⴙ5/ⴙ6 layers of S. cerevisiae and neuronal plasma membrane SNARE complexes.
Snc1p is shown in blue, Ssop in red, Sec9p in green, synaptobrevin 2 in cyan, syntaxin 1A in orange, and SNAP-25A in yellow. Hydrogen bonds are shown as
dashed lines. A, simulated annealing omit map contoured at 3  of the ionic layer in the S. cerevisiae SNARE complex. B, superposition of the ionic layers of the
S. cerevisiae and neuronal SNARE complexes. C, simulated annealing omit map contoured at 3  of water molecules present in the ⫺2 layer of the S. cerevisiae
SNARE complex. D, superposition of the ⫺2 layers of the S. cerevisiae and neuronal SNARE complexes. E, simulated annealing omit map contoured at 3  of the
water molecules present between the ⫺4 and ⫺5 layers of the S. cerevisiae SNARE complex. F, superposition of the ⫺4 and ⫺5 layers of the S. cerevisiae and
neuronal SNARE complexes. G, ribbon diagram of the cavity region between the ⫹5 and ⫹6 layers of the S. cerevisiae SNARE complex. H, superposition of the
⫹5 and ⫹6 layers of the S. cerevisiae and neuronal SNARE complexes.
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FIGURE 5. Electrostatic potential surfaces of SNARE complexes. A, neuronal SNARE complex (PDB code 1N7S). B, S. cerevisiae SNARE complex. C, early
endosomal SNARE complex (PDB code 2NPS). D, late endosomal SNARE complex (PDB code 1GL2). The electrostatic potential surfaces were generated in
APBS and are all contoured from ⫺10 kBT (red) to ⫹10 kBT (blue). The figure
was generated in PyMOL.

Structure of the S. cerevisiae Plasma Membrane SNARE Complex

FIGURE 6. Packing in the ⴙ7 layer. Snc1p is shown in blue, Ssop in red, Sec9p in green, synaptobrevin 2 in cyan, syntaxin 1A in orange, and SNAP-25A in yellow.
A, packing of the ⫹7 layer in the S. cerevisiae plasma membrane SNARE complex. The side chains are shown in stick representation with transparent surfaces.
B, packing of the ⫹7 layer in the neuronal plasma membrane SNARE complex. C, superposition of the S. cerevisiae and neuronal SNARE complex ⫹7 layer.
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perhaps contributes to the difference between constitutive and
triggered fusion.
SNARE proteins play an important role in vesicle trafficking,
which is a fundamental process in all eukaryotic cells for the
transfer of proteins, lipids, and metabolites between compartments. Because of the importance of these processes, the
SNARE complex has remained conserved throughout evolution. Here we have shown that the S. cerevisiae SNARE complex
is structurally similar to SNARE complexes from higher
eukaryotes but exhibits more pronounced bending near the
ionic layer and contains water-filled cavities. These cavities are
in part contributing to the decreased stability of the S. cerevisiae
plasma membrane SNARE complex.
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