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ABSTRACT: Intracellular trafficking depends on the docking and fusion of transport vesicles with cellular
membranes. Central to docking and fusion is the pairing of SNARE proteins (soluble NSF attachment
protein receptors) associated with the vesicle and target membranes (v- and t-SNARES, respectively).
Here, the X-ray structure of an N-terminal conserved domain of the neuronal t-SNARE syntaxin-1A was
determined to a resolution of 1.9 A using multiwavelength anomalous diffraction. This X-ray structure,
which is in general agreement with an NMR structure of a similar fragment, provides new insight into the
interaction surface between the N-terminal domain and the remainder of the protein. In vitro characterization
of the intact cytoplasmic domain of syntaxin revealed that it forms dimers, and probably tetramers, at low
micromolar concentrations, with concomitant structural changes that can be detected by limited proteolysis.
These observations suggest that the promiscuity characteristic of pairing between v-SNAREs and t-SNAREs
extends to the formation of homo-oligomeric t-SNARE complexes as well. They also suggest a potential
role for the neuronal Secl protein (nSecl) in preventing the formation of syntaxin multimers.

Neurotransmitter release requires three members of thedered under physiological conditions, folding only upon
SNARE! family of proteins: syntaxin, SNAP-25, and SNARE complex formation.

synaptobrevin (also called VAMP). The complex formed by | jke all other SNARE proteins, the juxtamembrane region
these three proteins is likely to provide an intimate physical ¢ syntaxin contains heptad repeats of hydrophobic residues
link between synaptic vesicles and the plasma membrane a{spanning residues 19%254) consistent with formation of
nerve terminals and thereby to facilitate membrane fusion 5 ¢piled coil structureg). Indeed, syntaxin forms an SDS-
(1-3). These SNARES, and especially syntaxin, also interact resjstant complex with SNAP-25 and synaptobrevin in which
directly with a number of additional proteins important for s juxtamembrane region contributes one helix to a bundle
synaptic transmissiord. of four parallel a-helices 8). This configuration, which

Syntaxin-1A is a 288-residue type Il integral membrane would draw the transmembrane domains of synaptobrevin
protein; residues-+265 constitute the cytoplasmic domain, (anchored in the synaptic vesicle) and syntaxin (anchored
while residues 266288 form the carboxy-terminal trans- in the presynaptic plasma membrane) into close proximity,
membrane anchors). Among the three SNARE proteins is likely to facilitate membrane fusion and consequent
required for neurotransmitter release, only syntaxin appearsneurotransmitter release.

to adopt a well-folded tertiary structure in the absence of |, 5qdition to the C-terminal transmembrane anchor and
the other two SNARESE( 7). By contrast, SNAP-25 and 6 juxtamembrane region that binds the other SNARE
the cytoplasmic domain of synaptobrevin are largely disor- proteins, syntaxin has an approximately 15 kDa N-terminal
domain that appears as a flexible arm in electron micrographs
t This work was supported by NIH Grant NS-38046, the Searle Of SNARE complexes1). This domain survives limited
Scholars Program, and the Beckman Young Investigators Programproteolysis of SNARE complexes9) Despite limited

(F.M.H.). . e y . .
* X-ray coordinates and structure factors have been deposited in thesequence conservation, protease-resistant N-terminal domains
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neuronal Secl protein (nSecl; also called Muncl18) is Protein Purification Syntaxin 24-150 (both the native
dependent on this domain as well as on the juxtamembraneform and the SeMet derivative) was purified using Q-
region (L5). nSecl binds to a closed syntaxin conformation Sepharose and phenyl-Sepharose columns and exchanged
(16), and mutations that apparently destabilize this closed into 10 mM dithiothreitol (DTT) by repeated concentration
conformation compromise binding)( and dilution in a centrifuge concentrator (Millipore). Syntaxin
Fernandez et al1{) have used solution NMR to charac- 1—253 and syntaxin-2265 were purified by recovery from
terize the structure of the N-terminal domain of syntaxin- inclusion bodies as described previousB2)( subsequent
1A. They found that residues—180, expressed as a refolding by rapid dilution, and concentration by binding to
recombinant protein iEscherichia colicontained disordered @ Q-Sepharose column. The identity of the purified proteins
ends, but that residues 2146 formed an independently ~was confirmed by mass spectrometry.
folded domain. Structural analysis, using residues P¥6 Crystallization Native syntaxin 24150 was crystallized
with Cys 146 replaced with Ser, revealed a three-helix bundle by the hanging drop method. One microliter of 4 mg/mL
with a left-handed twist(7). The groove between the second protein in 10 mM DTT was added to AL of reservoir
and third helices is formed by residues that are highly solution [16% polyethylene glycol (PEG) 1500, 20 mM
conserved among plasma membrane syntaxiis ( sodium acetate (pH 5.0), and 10 mM DTT] on a coverslide
Here, we describe biophysical studies that provide further which was invertgd over 1 mL of reservoir solution. Crystals
insight into the overall structural organization of syntaxin- 9rew over a period of 4 days at 23C. SeMet syntaxin
1A. In particular, the X-ray structure of residues—2450 24—150 derivative crystals grew under the same conditions,
has been determined and refined to 1.9 A resolution. While €xcept that the protein stock contained 8 mg/mL protein, 20
this structure is similar to that previously determined by MM DTT, and 30 mM sodium acetate (pH 5.0). .
NMR spectroscopyl(7), there are a number of differences, ~ X-ray Data Collection Crystals were equilibrated in
particularly for residues that define the interactive surface S€veral steps over 10 h into reservoir solution supplemented
of the molecule. The X-ray structure reveals that the groove With 18% glycerol and flash-frozen in a 100 K nitrogen cold
between the second and third helices is not only conservedstream (Oxford). Data were collected at beamline X12C at
but also quite hydrophobic, strengthening the hypothesis that,the National Synchrotron Light Source at Brookhaven
in the closed form of intact syntaxin, it is involved in National Labs. _ _
interactions with the juxtamembrane region. Furthermore, X-ray Data ProcessingData were indexed and scaled
we have characterized the oligomeric state of the intact Using Denzo and Scalepack from the HKL software package
cytoplasmic domain (residues-265) of syntaxin and find ~ (version 1.11.0)Z3). Initial phases were calculated from a
that dimeric and probably tetrameric forms are significantly Multiwavelength anomalous diffraction (MAD) data set using
populated at low micromolar protein concentrations. Syntaxin MLPHARE and DM @4) and were later extended with
dimers and tetramers may result from the parallel alignment higher-resolution native data using X-PLOB5| and CNS
of juxtamembrane regions into a helical bundle structure Version 0.5 26). Cycles of model building and refinement
resembling that of the SNARE complex. These results add Were carried out using X-PLOR, CNS, and &7).
a new level of complexity to previous findings suggesting  Protease DigestiarSyntaxin was exchanged into digestion
that heteromeric SNARE complex formation can be promis- buffer [150 mM NaCl, 5 mM HEPES (pH 7.4), and 1 mM
cuous (0, 18, 19), demonstrating that SNAREs can self- DTT] using NAP-5 columns (Pharmacia), diluted to the

partner as well. working concentration using additional digestion buffer, and
incubated on ice fo2 h to allow equilibration among
EXPERIMENTAL PROCEDURES oligomeric states. Subtilisin was added to a substrate:protease

) _ o weight ratio of 90:1 to start the reaction. At the indicated

Materials. All chemicals used fqr crystallization were time points, samples were taken from the reaction and the
purchased from Fluka. Other materials were purchased fromreactions stopped with 1 mM phenylmethanesulfony! fluoride
Sigma (subtilisin, amino acids, and trace metal salts), followed by freezing in liquid nitrogen. After samples at all
Boehringer Mannheim (proteinase K), and Novagen (BL21 tjme points had been collected, they were thawed, concen-
& B834 E. coli strains). trated by trichloroacetic acid precipitation (15%), and an-

Protein Expression Protein expression plasmids were alyzed by SDS-PAGE. In separate experiments, several of
constructed in pLM1Z0), a T7 promoter plasmid, using  the digestion products were partially purified and character-
PCR. The correctness of the coding sequence was confirmedzed by amino-terminal sequencing and mass spectrometry.
by DNA sequencing. Protein was expressedEn coli Circular Dichroism Circular dichroism (CD) data were
BL21(DE3) cells, except that BL21(DE3)(pLysS) cells were collected using an AVIV 62DS CD spectrometer and a
used for production of syntaxin-265 and B834(DE3) cells  sample containing 1Q:M syntaxin 24-150 in 1 mM
were used for the selenomethionine (SeMet) derivative of g-mercaptoethanol, 100 mM KF, and 1 mM sodium phos-
syntaxin 24-150. phate (pH 7.5). Spectra from three consecutive scans{250

SeMet Derative ExpressionSeMet-substituted syntaxin 190 nm, 1 s averaging time, and 0.25 nm steps) were
24—150 was expressed essentially as described previouslyaveraged. For thermal unfolding experiments, data at 222
(21) in modified M9 medium except that the starter culture nm were recorded (1 min temperature equilibration, 0.5 min
was supplemented with 5% LB medium and several amino averaging time, and 1C steps).
acids (alanine, aspartate, glutamate, glycine, histidine, as- Analytical UltracentrifugationProtein was exchanged into
paragine, proline, glutamine, serine, tryptophan, and tyrosine)digest buffer containing 0.5 mM DTT. Sedimentation equi-
were omitted from the modified M9 medium. SeMet librium experiments were performed at@ with a Beckman
incorporation was confirmed by mass spectrometry. Optima XL-A analytical ultracentrifuge at rotor speeds of
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Ficure 1: Subtilisin digestion of the syntaxin cytoplasmic domain yields a protected N-terminal structural domain. (A) Recombinant
syntaxin 1265 (2uM) was mixed with subtilisin (90:1 w/w) on ice. Samples were withdrawn at the indicated times after protease addition,
and phenylmethanesulfonyl fluoride was added to a concentration of 1 mM to quench the reaction. Samples were analyzed on Coomassie-
stained SDSPAGE gels. Digestion products as indicated were identified by amino-terminal sequencing and mass spectroscopy. (B) Schematic
interpretation of panel A. The initial products of digestion are fragments7D and 186-265. Fragment 179 is subsequently trimmed

to 24—179 and ultimately to 24150. (C) The CD spectrum of syntaxin 2450 at 25°C (black trace) indicates 90% a-helix content.

Almost complete reversibility is observed after heating td°85%and subsequent cooling back to 45 (gray trace). (D) Syntaxin 24150

unfolds cooperatively with temperature as judged by its mean residue ellipticity at 222 nm.

8000, 12 000, 16 000, and 20 000 rpm using an An-60 Ti identical syntaxin domain is protected from proteolysis by a
rotor. Six-channel, 12 mm path length, charcoal-filled Epon variety of proteasesdj.

cells with quartz windows were used. Twenty scans were Syntaxin 24-150, as expected, is highty-helical (Figure
averaged. Temperature-corrected partial specific volumes oflC)_ In addition, it is thermostable, unfolding in a single
both syntaxin-1A fragments were calculated from the reyersible cooperative transition with a midpoint of ap-
weighted average of the partial specific volumes of the proximately 85°C (Figure 1D). We have determined the
individual amino acidsZ8). Temperature-corrected solution  X-ray structure of this domain using selenomethionine-
densities were calculated using standard tables listing coef-sypstituted syntaxin 24150. Phases estimated by MAD
ficients for the power series approximation of densg)( yielded an electron density map that was, in general, readily
The HID program from the Analytical Ultracentrifugation interpretable (Figure 2A). The structure was subsequently
Facility at the University of Connecticut (Storrs, CT) was refined to 1.9 A resolution (Figure 2B) using data collected
used for data analysis. Equilibrium sedimentation analysis from a native crystal (Table 1).

software implemented under IGOR Pro version 3.16 (Wave- The X-ray structure shows a bundle of threenelices

Metrics Inc., Lake Oswego, OR) using the Marquardt — .,,ec1eqd by short loops (Figure 2C,D), as expected on the
Levenberg algorithm for curve fitting was used for the basis of the NMR structure of syntaxin 2146 with the

preparation of Figure 4. point mutation Cys 146~ Ser (L7). In keeping with the
notation introduced therel7), the three helices are termed
RESULTS Ha (residues 2864), Hb (residues 68105), and Hc

(residues 116146), although each helix is several residues
Syntaxin 24-150.The structure of the cytoplasmic domain  shorter in the NMR structure. The root-mean-square devia-
of syntaxin-1A (residues -1265) was probed by limited  tion between the NMR and X-ray structures is relatively large
digestion with nonspecific proteases. Subtilisin (Figure 1A) (2.1 A over 124 equivalent £atoms). Comparative analysis
and proteinase K reactions (data not shown) yielded very of the X-ray and NMR structures reveals four principal
similar patterns. In both cases, syntaxin is cleaved first differences. First, the course of the backbone is well-defined
between residues 179 and 180 to yield two fragments, in the X-ray structure for most of the regions that are poorly
residues +179 and 186265 (Figure 1B). Additional defined by the NMR structure. Second, many surface side
digestion yields a stable product comprising syntaxin residueschains are also well-defined in the X-ray, but not the NMR,
24—150. These findings are in good agreement with NMR structure. Third, a few well-defined side chains in the NMR
studies of syntaxin 4180 indicating that residues 27146 structure occupy significantly different rotamer positions in
form a folded domain X7). Furthermore, in ternary syn- the X-ray structure (see below). Fourth, the pronounced
taxin—SNAP-25-synaptobrevin complexes, a similar or curvature of the helix bundle observed in the NMR structure



Structural Analysis of Syntaxin-1A Biochemistry, Vol. 39, No. 29, 200B473

FIGURE 2: Syntaxin 24-150 X-ray structure. (A) A portion of the model corresponding to the box in panel C is shown together with the
corresponding regions of the experimental 2.4 A MAD electron density map contoured @tNIdst of helix Ha (residues 2757) and
residues 146150 are omitted for clarity. The hydrogen-bonded side chains of His 58 and GIn 138 are shown in magentavéB)ted

2F, — F. map at 1.9 A is shown together with the same portion of the model as in panel A. (C) Schematic overview of the structure.
Residues 27150 are shown; residues 226 did not appear in the electron density and were not modeled. The structure is built primarily
of threea-helices: Ha (residues 283; blue), Hb (residues 69106; green), and Hc (residues }145; red). Loop regions are shown in
gray. (D) Longitudinal view, where the model is rotated 9%@m the orientation shown in panel C, with the N-terminus now toward the
viewer. These figures were created using BobscHgy,(Molscript 47), and Raster3DA4@).

is not seen in the X-ray structure, in which the bundle is grooves (Figure 3) are less hydrophobic, narrower, and
essentially straight. This difference may be attributable to partially occluded by interhelical salt bridges: Lys 57 forms
crystal lattice effects or to the lack of long-range distance an ion pair with Glu 74, bridging Ha and Hb, while nearby
constraints in the determination of the NMR structuze)( Lys 55 forms a salt bridge network with Glu 52 and Glu

As noted previouslyX7), one side of syntaxin 24150 is 133, bridging Ha and Hc.
decidedly acidic (Figure 3B). Two patches at either end of  Although the exact role of the N-terminal domain in
the molecule are especially notable. One patch is formed bysyntaxin function is not known, interactions between the
Asp 68, Glu 69, Glu 73, Glu 74, Glu 76, Glu 77, and Asp N-terminal domain and the juxtamembrane C-terminal region
81. Many of these residues participate directly in an likely play important roles in regulating SNARE function.
interaction between syntaxin and the?Gainding protein Both syntaxin and its yeast homologue Ssolp exist in an
syntaptotagmin, thought to be a principal?Ca&ensor in equilibrium between closed and open forms, distinguished
regulating neurotransmitter releader). A second, smaller by whether the N-terminal domain is folded together with
patch is formed by Glu 32, Glu 35, and Glu 38 (Figure 3B). the juxtamembrane region (closed) or not (opéh)@). In

A Consered Hydrophobic Groge. Between helices Hb  the absence of direct high-resolution information character-
and Hc is a wide groove (Figure 3A). This groove has a Zing the closed conformation, two structural models have
pronounced hydrophobic character resulting from fully (val Peen proposed in which the three-helix bundle is extended
128) or partially (lle 61, Leu 75, Leu 93, Phe 127, and Met DY residues of the juxtamembrane domain to form either a
131) solvent-accessible nonpolar side chains. In the X-ray four-helix (13) or five-helix (7) bundle. In either case, these
(but not the NMR) structure, Gln 138 is tucked into the core Juxtamembrane regions likely form one or more additional
of the three-helix bundle, hydrogen bonded with the buried -helices that pack into the conserved hydrophobic groove
side chain of His 58, further increasing the hydrophobic observed in the X-ray structure of syntaxin-2450.
character of the groove (Figure 2A,B). All of these residues  Our initial analysis of syntaxin-1265, however, provided
are highly conserved among syntaxins implicated in exo- little evidence for such a closed conformation. The earliest
cytosis. Indeed, the residues lining the-HHic groove are protected proteolytic fragments comprised residue4 719
significantly more conserved than those in either of the other and residues 180265 (Figure 1A,B), and we first suspected
two helix—helix interfaces 17). The other two interhelical  that this protection might be afforded by interactions between
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Table 1: Data Collection, Phasing, and Refinement Statistics

Diffraction Data

native Se-edge Se-peak  Se-remote
wavelength (A)  0.98 0.9790 0.9785 0.950
maximum 1.90 2.20 2.20 2.20
resolution (A)
no. of unique 29756 19358 19472 18895
reflections
no. of total 155471 96366 96132 96310
reflections
completeness (%)99.9 (99.7) 98.0(95.1) 98.0 (94.7) 98.2(96.4)
(last sheh)
Rsymm (%) 4.3(16.3) 8.0(34.9) 8.9(35.3) 7.9(38.9)
(last shelly
I/o (last shell) 455(9.4) 18.6(3.0) 20.0(2.9) 19.5(2.8)

Phasing
Se-edge Se-peak Se-remote

no. of sites 9 9 9
no. of reflections 18726/626 18703/620 18221/661
(acentric/centric)
Reuliis n/a 0.88/0.85 0.77/0.68
(acentric/centric)
phasing power n/a 0.74/0.55 1.26/1.04

(acentric/centric)
Reuiis anomalous
(no. of reflections)

0.81 (18603) 0.75 (18582) 0.80 (18162)

overall figure of merit 0.75

Refinement
native

resolution (A) 8.6-1.90
Rerys{ Riree (%0)° 23.1/28.6
no. of atoms (protein/water) 3070/422
meanB factors (&) (protein/water) 36.1/44.9
rmsds

bond lengths (A) 0.006

bond angles (deg) 0.97

aLast shell of 10 shells; 1.971.90 A for the native data set, and

2.28-2.20 A for the SeMet data SétRsymm= =|(In — OD|/=ln over
all h, wherely, is the intensity of reflectiomn. ¢ Reuiis = Z||Fon £ Fp| —
|Fnll/Z|Fon £ Fpl, where Fyn and Fy are the derivative and native
structure factors, respectively, amg is the calculated heavy-atom
structure factord Phasing power= [FJE, wherelFF[is the root-mean-
square heavy-atom structure factor &g the residual lack of closure
error. ® RyystandRyee = X [Fo| — |FclI/Z[Fol. Rree Was calculated using
5% of the data excluded from refinement.

Lerman et al.

had suggested might be less susceptible to aggregatjon (
17). Data were collected at four rotor speeds (8620000
rpm) and four protein loading concentrations-(00 uM)

to evaluate various self-association models.

We focus first on a discussion of the results for syntaxin
1—-253 as this fragment exhibited more limited self-associa-
tion behavior than did syntaxin-1265. For syntaxin £253,
self-association is evident from single-species analysis in
which the molecular mass is treated as a fitting parameter.
A diagnostic feature for multiple states in solution is that
the apparent molecular mass decreases as a function of
increasing rotor speed (Table 2). The fact that the additional
states are a consequence of self-association follows from the
observation that the apparent molecular mass increases from
40 800+ 3000 Da to 60 90G: 3400 Da over the range of
2—100uM (data not shown); the monomer molecular mass
is 29 307 Da. Similar results are obtained for syntaxin
1-265, with the apparent molecular mass increasing from
64 300 £ 4900 to 83 400+ 8300 over this same con-
centration range (monomer molecular mass of 30 751 Da).
These data, in agreement with gel filtration results (not
shown) and previous NMR studieg)( indicate that syntaxin
1-265 is more prone to oligomerization than syntaxin
1-253.

The single-species analyses prompted us to evaluate a
series of models for the oligomeric state(s) of syntaxin
1-253. The square root of variance (SRV) was monitored
as a probe of the quality of the fits of various models to the
data (Table 2), with a lower SRV indicating a better model.
At high rotor speeds, we find that the minimal model which
fits the data is a monomedimer (1< 2) model (Table 2).

The equilibrium dissociation constard,,, for this reaction

is 9.9+ 4.6 uM, predicting the formation of a stable dimer.
However, it is obvious that this model is insufficient to
describe the data at lower rotor speeds. The SRVs for this
model are poorer at lower speeds and seem to favor a higher-
order, 1< 3 model. While this observation may, at first,
seem inconsistent, it is possible to reconcile the failure of a
two-state model analysis by considering a more complex
three-state model which includes the-12 model with the
addition of a higher-order oligomeric state. The trend, a
decreasing order of the single self-associated state as a

these fragments. However, they did not comigrate on gel function of increasing speed, helps to support this conclusion.
filtration columns, as might have been expected were they Among the three-state models that were considered, a 1
associated (data not shown). Furthermore, syntaxin-180 < 3 < 6 model can be ruled out as this model is no better
265 exhibited a strong tendency to aggregate, and precipitatedhan the simpler > 3 model and is significantly worse
from digestion reaction mixtures in which this fragment was than the two-state ¥ 2 model, as judged by the SRVs
present at concentrations of 4000 «M (data not shown). reported at 20 000 rpm. In contrast, the SRVs for either a 1
Thus, the protection of syntaxin 18@65 against proteolytic < 2 <> 3 or a 1< 2 < 4 model, in general, are lower than
digestion is not due to association with the N-terminal that of any two-state model. While we could not rule out
domain but may instead be attributable to self-association.the 1< 2 <= 3 model on the basis of the SRVs alone, this
The finding that syntaxin 180265 is prone to intermolecular  model is less likely because it predicts no significant amount
association prompted us to investigate the oligomeric stateof dimer and, thus, is in disagreement with the amount of
of syntaxin and whether oligomerization might affect its dimer that is predicted from the reasonable fit of the-22

conformation.
Syntaxin MultimerizationPreliminary gel filtration experi-
ments (not shown) suggested that syntaxir2&5 formed

model to the higher-speed data. In contrast, the 2 < 4
model predicts amounts of dimer similar to that with the 1
< 2 model. Therefore, we favor the<t 2 < 4 model.

several self-associated species. To characterize further the An identical model analysis of syntaxin—265 yields
nature and energetics of oligomeric syntaxin states, we usedsimilar results, although in this case it is not possible to
analytical equilibrium ultracentrifugation. In addition to distinguish with confidence among the three-state models

syntaxin £-265, we also analyzed syntaxin-253, a product
of botulinum neurotoxin C cleavag8@) that previous work

that are considered. Since this fragment self-associates to a
higher degree, we suspect that even more complex models
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Ficure 3: Syntaxin 24-150 surface properties. Each panel is organized with a ribbon diagram on the left, a molecular surface coded by
hydrophobicity in the center (green is hydrophobic and white is hydrophilic), and a molecular surface coded by electrostatic surface potential
on the right (red is acidic and blue is basic). Syntaxir-280 has been rotated 128bout its long axis between each successive panel. The
groove between helices Hb and Hc, proposed to bind the juxtamembrane helix of syntaxin, is outlined in magenta in panel A. The acidic
patch on helices Hb and Hc implicated in binding to synaptotagmin (see the text) is circled in yellow in panel B. These figures were created
using Molscript 47), Raster3D 48), and GRASP 49).

Table 2: Sedimentation Equilibrium Ultracentrifugation Data Analyzed as a Function of Speed

square root of variancex(L0%)

syntaxin +253 syntaxin +265

model 8000 rpm 12 000 rpm 16 000 rpm 20 000 rpm 8000 rpm 12 000 rpm 16 000 rpm 20 000 rpm
M2 82 500+ 10400 70000t 4800 57 300k 3300 46 300+ 2800 112500t 14 400 91 70QGt 7100 78 600t 4500 64 600+ 4800
1<2 c [« 5.18 4.95 c c c c
13 4.40 5.89 9.05 10.9 6.17 6.03 5.21 6.94
1<4 4.58 9.98 14.2 145 5.32 6.10 10.7 12.8
1<5 4.98 11.1 15.3 15.3 5.39 9.18 15.9 17.9
1<2<3 4.40 4.92 4.58 4.95 6.17 6.08 5.19 6.13
124 4.40 5.31 4.74 5.00 5.33 5.52 6.44 7.35
1<-3<6 4.40 5.89 9.06 10.9 5.09 5.66 5.21 7.21

aThe 2, 8, 32, and 100M data were analyzed simultaneously at each rotor sgeddlecular mass in dalton$/,, is calculated from a single-
species analysi§.The apparent molecular mass was greater than the dimer molecular mass; thus, the model could not be fit to the data.

are required, including states larger than a tetramer. ClearAs an example, we assume a2 < 4 model based on
evidence for higher-order aggregation is apparent in anour analysis of syntaxin-1253. Equilibrium dissociation
analysis of syntaxin-+265 at the highest loading concentra- constants derived for this model as fit simultaneously to all
tion (100uM; data not shown). However, because it differs the data (four rotor speeds and at least three protein loading
from syntaxin 1253 only in the presence of 12 additional concentrations) indicate that syntaxir 265 dimers K, =
C-terminal residues, we hypothesize that syntaxir285 1.44 0.5uM) are more stable than syntaxin-253 dimers
forms stable dimers and tetramers in addition to higher-order (K,; = 5.8+ 1.8 uM). Strikingly, syntaxin 1265 tetramers
oligomers. (Ks2 = 12 + 6 uM) are much more stable than syntaxin
We can use these simple models to make predictions aboutl—253 tetramersKs, = 1.2 +£ 0.5 mM). In Figure 4, we
the stabilities of dimers and higher-order oligomeric states. show the quality of the fits using this model to theu®
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FicurRe 4: Syntaxin forms dimers and higher-order multimers at low micromolar concentrations. (A and B) Sedimentation equilibrium data
and fits derived from a ¥ 2 < 4 model. The 2«M data for syntaxin +253 (A) or 1—-265 (B) were fit 60) using dissociation constants
reported in the text. For comparison, we show fits assuming pure monomer (dashed lines). Nonrandom deviations in the fits are evident in
this model. If these data alone are fit to a*12 equilibrium, the fits are indistinguishable from the more complex 2 < 4 equilibrium

scheme.

ultracentrifugation data for both fragments (Figure 4A,B). native conformation were simply destabilized by truncation,
Although the equilibrium constants reported here are model- an increase in protease sensitivity for syntaxir2b3 would
dependent, it is clear that at low concentrations both syntaxinhave been anticipated. The greater protease sensitivity of
fragments dimerize and that syntaxin 265 is significantly syntaxin 1265 is due to an increased level of cleavage
more prone to self-association. between residues 179 and 180, since the products of this
Self-Association Causes a Conformational Charigee cleavage reaction (C and F2) accumulate rapidly. The
evidence presented so far shows that (i) syntaxin-185b accumulation of C is somewhat attenuated by its further
aggregates, (ii) syntaxin-1253 forms dimers and also larger digestion to D and E. Taken together, however, the ac-
multimers, probably trimers and/or tetramers, and (iii) cumulation of C plus D and E is substantially more rapid
syntaxin 1-265 self-associates to an even greater extent thanfor syntaxin 265 than for syntaxin4253. Thus, syntaxin
syntaxin 1-253. It therefore appears that, in addition to 1—265 is more sensitive to cleavage between residues 179
mediating heteromeric interactions with SNAP-25 and syn- and 180 than syntaxin-1253. Furthermore, whereas syntaxin
aptobrevin, juxtamembrane regions of syntaxin mediate 1—265 is cleaved preferentially between residues 179 and
homomeric interactions. Accordingly, we asked whether 180, the initial cleavage site for subtilisin on syntaxin23
conformational changes were associated with homomericis between residues 220 and 221. Cleavage at this latter site
interactions as they are with heteromeric on@sl1@, 13, yields fragment B (residues—-1220) in Figure 5; the
31, 32), using limited proteolysis as a conformational probe. corresponding C-terminal fragment is unlikely to be stable,
Detailed studies were carried out comparing the limited and in any case is too small to visualize using this gel system.
protease digestion patterns of syntaxin2b5 and syntaxin ~ This fragment probably corresponds to the structured region
1-253 (Figure 5). A number of the resulting protein of the closed conformation (see the Discussion).
fragments were identified by N-terminal sequencing and mass On the basis of these results, we hypothesized that the
spectrometry. increased protease sensitivity of syntaxin2b5 between
Initial experiments comparing syntaxin-253 and syn- residues 179 and 180 was coupled to its greater tendency to
taxin 1-265 were carried out at a substrate concentration self-associate (Figure 4). Furthermore, we reasoned that the
of 2 uM (Figure 5, central panels). At this concentration, decreased sensitivity of syntaxin-253 at the same site
the majority of syntaxin £253 is monomeric, whereas the might be attributable to the closed conformation of the
majority of syntaxin +265 is dimeric. Surprisingly, syntaxin  monomeric protein. This model is depicted schematically in
1-253 is less susceptible to subtilisin cleavage than syntaxinFigure 6 (see also the Discussion), in which parentheses
1-265, as judged by the disappearance of the full-length indicate that a site is inaccessible (or less accessible) to
protein (Al or A2 in the central panels of Figure 5). If the proteolytic cleavage. To further examine the potential



Structural Analysis of Syntaxin-1A Biochemistry, Vol. 39, No. 29, 2008477

1-253
3R a566000808L 624500090888 C s v 00 0PS88S
pll=[ewess=-_ $ss=- Seseessgse: [
— b 2 T X 112 et - - —21.5
D - ... — - - - - - -
E— - - - —-——a = “l—145
Fle| = e —6.5
1-265
. r— —i T I —31
c=| 2822 Rt 1+ L e ee—215
E— e LT T ———e- “l—145
| ——e—e————— S —65
40 pM 2uM 0.1 uM

Ficure 5: Multimerization causes a conformational change in syntaxin. Recombinant synta288top) or syntaxin +265 (bottom)

was subjected to limited subtilisin digestion and analyzed as described in the legend of Figure 1. The initial syntaxin:subtilisin ratio was
held constant in all experiments, but three different initial substrate concentrations were tested:(1dft), 2.0 uM (center), and 0.kM

(right). Molecular masses in kilodaltons are indicated at the far right. Syntaxin digestion products as labeled on the far left were identified
by amino-terminal sequencing and mass spectrometry as follows: (A2%3, (A2) 1-265, (B) 1-220, (C) +179, (D) 24-179, (E)

24—-150, (F1) 186-253, and (F2) 186265.

N experiments indicate that conformational changes accompany

N self-association: at each protein concentration, syntaxin
1-253 and syntaxin 4265 display different protease

sensitivity, and for each protein construct, protease sensitivity

PPN varies with protein concentration.
a7 —, —_— 179
7 * - DISCUSSION
220 (=20 The structure of an N-terminal domain of syntaxin-1A was
cc determined at 1.9 A resolution by MAD phasing. The
Closed monomer Open dimer structure comprises a three-helix bundle with a conserved

. o _ hydrophobic groove. This groove in the N-terminal domain
Ficure 6. Model for syntaxin dimerization mediated by the jively interacts with juxtamembrane residues nearer the
juxtamembrane region. Closed monomers, represented schematlcall)t t . f the intact tein t t “closed”
as four-helix bundles, are preferentially cleaved by subtilisin -lerminus o e Intact protein 10 create a -close

between residues 220 and 221, while open dimers are preferentiallyconformation. Further evidence for this closed protein
cleaved between residues 179 and 180. Cleavage between residuesonformation comes from proteolytic data: significant ac-

179 and 180 is suppressed in monomers by unknown structuralcymulation of syntaxin 220 (B in Figure 5) is seen in all

features. Little if any cleavage between residues 220 and 221 is : : “ ”
observed in multimeyrS' instegd, syntaxin $EB5 resulting from protease protection experiments conducted under “monomer

initial cleavage is strongly protected from further digestion, as itis conditions (0.1 and 2M for syntaxin +-253, and 0.1:M
in syntaxin- SNAP-25-synaptobrevin complexe®,(40). for syntaxin 1-265). This fragment corresponds to a
hypothetical closed conformation including the N-terminal
connection between syntaxin conformation and self-associa-domain and a large portion of the juxtamembrane region
tion, we conducted additional proteolysis experiments at a (Figure 6). This work therefore adds to previous evidence
protein concentration favoring self-association (48) and suggesting that syntaxin can adopt a closed conformation
at a protein concentration where both syntaxin constructs that might regulate its interactions with other proteiis (
are primarily monomeric (0.4M). For both syntaxin +253 11-13, 16).
and syntaxin £+265, the site of initial proteolytic cleavage Previous experiments had suggested that the histidine-
was found to vary with protein concentration, providing tagged cytoplasmic domain of syntaxin is monomeric at
direct evidence that self-association is influencing protein relatively high salt concentrations (300 mM),(while intact
conformation in this system. In each case, high concentrationssyntaxin (including the transmembrane domain) forms SDS-
(left panels in Figure 5) promoted cleavage between residuesstable dimers 33). Here, we use equilibrium analytical
179 and 180, resulting in the early accumulation of fragment ultracentrifugation over a broad range of protein concentra-
C. For example, whereas the initial cleavage of syntaxin tions to demonstrate that even the cytoplasmic domain of
1-253 at lower concentrations strongly favors fragment B, untagged syntaxin self-associates under conditions that
at high concentrations B and C appear with a similar time approximate physiological ionic strength.
course. Conversely, at low concentrations (right panels in  Formation of dimers or larger homomultimers has also
Figure 5), initial cleavage for both proteins is at the site been observed for other t-SNAREs and may be biologically
between residues 220 and 221, and fragment B is producedsignificant. The cytoplasmic domains of yeast SNARES,
preferentially. Furthermore, the accelerated disappearance ofncluding Sed5 (L. Cavanaugh and F. M. Hughson, unpub-
syntaxin =265 compared to that of syntaxin-253 is not lished results) and PeplZ4), have been observed to
seen at this low concentration, confirming that the relatively dimerize in vitro. In additionDrosophilaSed5 dimers are
greater protease sensitivity of syntaxin265 is caused by  formed in transfected COS cell membranes, as judged by
self-association. Thus, two lines of evidence from proteolysis chemical cross-linking, and this dimerization requires the
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juxtamembrane domain39). Most models for SNARE  form an elongated bundle of parallel-helices with a
function have suggested that the hetero-oligomerization of generally hydrophobic core. The bundle contains a single
v- and t-SNAREs on different membranes plays a central “layer” of polar core residues that serve to determine the
role in the docking and fusion of vesicles with organelles or register of the four helices3(8). Synaptobrevin contributes
the plasma membran8g, 37). Nonetheless, several observa- an Arg residue to this layer, the guanidino group of which
tions have suggested that t-SNAREs alone can suffice,is buried within the core of the four-helix bundle. This buried
presumably by forming homomeric complexes that link positive charge is neutralized by partial negative charges
membranes. For example, homotypic vacuole fusion is only carried on the side chain oxygens of glutamine side chains
about 2-fold less efficient in vitro when both partners carry contributed by each of the other three helic®s It has been
only t-SNAREs than it is when one partner carries only suggested that most SNARE complexes would contain one
v-SNAREs and the other carries only t-SNARE3S8)( arginine-containing SNARE and three glutamine-containing
Similarly, the t-SNARE Ufel has been shown to oligomerize SNAREs @3). In this model, homomeric SNARE complexes

in vitro and has been proposed to mediate homotypic fusion containing four glutamine-containing SNAREs would be
among endoplasmic reticulum membranes via t-SNARE disallowed. However, all-glutamine layers are not uncommon
t-SNARE interactions 39). Though no role for syntaxin  in coiled coil cores (unpublished observations), presumably
oligomers in neurotransmitter release has yet been docu-because the partial positive and partial negative characters
mented, our results represent the most quantitative analysiof each glutamine side chain can compensate one another
to date of t-SNARE self-association. Furthermore, the cyclically around the bundle. Thus, parallel helical bundles
growing evidence for t-SNARE homo-oligomerization points with two or more syntaxin molecules are not implausible
toward an additional level of promiscuity in SNARE part- on first principles.

nering that may be subject to regulatory control in vivo. The stoichiometry of syntaxitSNAP-25 complexes in
Sytaxin undergoes a conformational change upon self-yitro is 2:1 (31). Therefore, it might be anticipated that
association (Figure 6). The proteolytic sensitivity of the syntaxin dimers would be on the kinetic pathway to syn-
cleavage site between residues 179 and 180 appears to serv@xin—SNAP-25 complexes. Furthermore, conformational
as a readout for this change. Strikingly, the same site gopening of the yeast syntaxin Ssol accelerates SNARE
becomes sensitive when heteromeric SNARE complexes arecomplex assembly 2000-foldL2), further suggesting that
formed @). Thus, self-association seems to be accompaniedthe open syntaxin dimers might form complexes with SNAP-
by a conformational opening of the closed syntaxin mono- 25 more readily than the closed monomers. Nonetheless, the
mers. rate of assembly with SNAP-25 is only subtly influenced
Guided by our analysis of protease sensitivitly as well as py the conformational opening mediated by syntaxin dimer-
the known structural features of heteromeric SNARE com- jzation (F. M. Hughson, unpublished results). Therefore,
plexes, we propose a model for open syntaxin dimers (Figurecontrary to expectation, it appears that the rate-limiting step
6). It seems plausible that the juxtamembrane heptad repeatgor assembly in vitro is not strongly sensitive to the
assemble to form parallel bundles in syntaxin multimers, as oligomeric state of syntaxin. It will be worthwhile in future
seen in heteromeric complexes. Syntaxin-1865 is pro-  work to examine whether 1:1 and 2:1 syntaxBNAP-25
tease-resistant under conditions where syntaxin is primarily complexes bind the v-SNARE syntaptobrevin with equal
self-associated (Figure 5), and very similar syntaxin frag- efficiency, or whether the need to displace a syntaxin

ments are protease-resistant in heteromeric compleXes ( molecule from the 2:1 complexes slows the formation of the
9, 40). Association between transmembrane domains, notternary core complex.

present in our study, would further stabilize the parallel =\ any intracellular trafficking steps appear to require a
helical bundles in homomeric SNARE complexes (see ref o ner of the Secl protein family (see 4dfand references
_33)' Peptides as short as 32.res_|dues ‘?'er_"{ed frqm thetherein). Secl family members interact with syntaxin ho-
juxtamembrane region of syntaxin display significarfielix mologues and/or ternary SNARE complex@sls, 44, 45),
content by CD at con(_:entr_atlons O.f .360 uM (41), but their molecular roles in vesicle targeting and fusion have
presumably due to multimeric associations such as thoseygen controversial. In vitro, nSecl binds to a closed form of
proposed here. Flexibly attached N-terminal domains, as g ntaxin and prevents it from forming heteromeric SNARE
observed for heteromeric complexds 12), would account complexesT, 15, 16, 45). Our experiments suggest strongly
for the increased proteolytic susceptibility of the bond that the Cloéed,co’nformation prevents syntaxin multimer-
between residues 179 and 180. While this model is consistent, ;.o Thus, an important function of nSec1 binding may
with the available data, an alternative self-association model g 1 pock the formation of homomeric syntaxin complexes.
involving domain swapping (see reg for review) cannot  gecq s well-suited to this role since it binds directly to the
be ruled out at present. Nonetheless, the parallel bundle;, s membrane region of syntaxin that mediates multimer-
model seems more consistent with what is known about ;

h . | ith th ) ~—“"ization and since it holds syntaxin in a closed conformation
eteromeric SNARE complexes, with the protection against incompatible with multimer formation. nSecl may even serve
further proteolysis of residues 18265, and with the dimer-

to chaperone the assembly of the proper SNARE complexes.
destabilizing effect of deleting residues 25265. P y prop P
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