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ABSTRACT. Assembly of the three neuronal membrane proteins synaptobrevin, syntaxin, and SNAP-25 is
thought to be one of the key steps in mediating exocytosis of synaptic vesicles. In vivo and in vitro,
these proteins form a tight complex. Assembly is associated with a large increadeelical content,
suggesting that major structural and conformational changes are associated with the assembly reaction.
Limited proteolysis by trypsin, chymotrypsin, and proteinase K of the ternary complex formed from
recombinant proteins lacking their membrane anchors revealed a SDS-resistant minimal core. The
components of this core complex were purified and characterized by N-terminal sequencing and mass
spectrometry. They include a slightly shortened synaptobrevin fragment, C- and N-terminal fragments
of SNAP-25, and a C-terminal fragment of syntaxin that is slightly larger than the previously characterized
H3 domain. Recombinant proteins corresponding to these fragments are sufficient for assembly and
disassembly. In addition, each of the two SNAP-25 fragments can individually form complexes with
syntaxin and synaptobrevin, suggesting that they both contribute to the assembly of the SNARE complex.
Upon complex assembly, a large increasexihelical content is observed along with a significantly
increased melting temperaturg,. Like the full-length complex, the minimal complex tends to form an
oligomeric species; global analysis of equilibrium ultracentrifugation data suggests a meriomer
equilibrium exists. These conserved biophysical properties may thus be of fundamental importance in
the mechanism of membrane fusion.

Exocytosis is a basic feature of every eukaryotic cell. It vesicle protein synaptobrevin (also referred to as VAMP)
involves the attachment of a transport vesicle at the plasmaand the synaptic membrane proteins SNAP &% syntaxin.
membrane (also referred to as docking) and subsequentlySynaptobrevin and syntaxin are small integral membrane
the fusion of the two participating bilayer membranes. proteins with a single transmembrane domain at their
Although lipid bilayers can be fused artificially in the test respective C termini4, 5), whereas SNAP-25 is anchored
tube by perturbing the microenvironment of the phospholipid to the membrane by means of palmitoyl side chains attached
molecules, biological membrane fusion is a tightly controlled to the middle of the moleculeés(7). While the evidence is
process that is mediated by a set of specialized proteins. Incompelling that these proteins play a crucial role in mem-
recent years, many of these proteins have been identified,brane fusion, their mechanism of action is still controversial.
although the exact role of them is still unknown. Three Biological membrane fusion must ultimately be mediated by
membrane proteins, each representing a small protein familya series of ordered and reversible protginotein interactions
conserved from yeast to humans, have emerged as keyhat are associated with conformational changes and that lead
players in exocytotic and other intracellular fusion events to a rearrangement of the phospholipid microenvironment.
(1-3). The variants involved in neuronal exocytosis are For these reasons, it is important to understand the structural
among the best characterized; they include the synapticrearrangements and the conformational states the fusion
proteins assume during the fusion process. On the basis of
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reaction underlying membrane fusion. First, all three short polypeptides with molecular masses of about 10 kDa.
proteins spontaneously assemble into a tight ternary complexTwo of them comprise the C- and N-terminal half of SNAP-
with equimolar stoichiometry, regardless of whether these 25, respectively; one contains almost the entire cytoplasmic
proteins are expressed in bacteria or purified from brain domain of synaptobrevin, and one contains the C-terminal
extracts 8, 9). Second, Rothman and co-workers found that region of syntaxin.

the ATPase NSF (NEM-sensitive fusion protein), with the

assistance of cofactors termed SNAPs, can reversibly dis-EXPERIMENTAL PROCEDURES

assemble the ternary complex into its individual constituents . . . .
either in solution 8, 10) or in an intact membrand (). NSF Materials NSF anda-SNAP in pQE-9 plasmids encoding
Hise-tagged fusion proteins were kindly provided by S.

is therefore believed to be a member of a class of dis- X : :
assembly-promoting chaperondg), Since SNAPs mediate Whiteheart and J. E. Rothman. The recombinant protein
fragments were derived from cDNAs encoding rat synapto-

the binding of NSF to the components of the ternary . . ) .

complex, these components are collectively termed SNARE brevin 2 and rat syntaxin 1A (k.'ndly prov!ded by R. H.

(SNAP receptor) proteinsl(). Scheller) and for SN.AP—ZSB (klmdly provided by T. C.
Stdhof). The recombinant L chain of tetanus toxin (TeNT)

It is generally accepted that the reversible assembly it of H. Ni H G
disassembly reactions of the SNARE proteins are crucial for was a generous gift of H. Niemann (Hannover, Germany).

membrane fusion, but it is still unclear how fusion is  Plasmid Construction Subcloning was performed using
mediated. Originally, it was proposed that assembly occurs standard techniquegl). For all polymerase chain reactions
during vesicle docking, resulting in an antiparallel complex, (PCRS), Pfu DNA polymerase was used. For bacterial
and that the rearrangement of the proteins during NSF- €xpression, the cytoplasr_nlc domain of rat synaptobrevin 2
mediated disassembly drives the fusion reactian §). (SB1-96) was subcloned into the pET-15b vector (Novagen),
However, recent evidence has shown that the proteins arefn€ cytoplasmic domain of rat syntaxin 1A (residues265)
aligned parallel to their transmembrane anchors extendingiNto TrcHisA (Invitrogen), and full-length SNAP-25B (resi-
at one side of the comples2, 13) and that NSF is probably ~ dues 1206) into pHO2d (see ret9 for details). For the
not involved in the final steps of the fusion reactid{ generation of the protein fragments of the minimal core
17). On the basis of these findings and on structural studies €OMplex, we used PCR amplification followed by subcloning
discussed further belowl.8—20), we have recently proposed N0 the pET-15b vector (Novagen) which includes a
an alternative model3( 19). According to this view, the thrombin cleavgge site for the removal of the upstream tag.
assembly reaction pulls together proteins of the two partici- For the N-terminal half of SNAP-25B, the coding sequence

pating membranes. Assembly could proceed from the tips for residues +83 (SN1) was amplified using the primers
of the molecules toward their respective membrane anchor®-GCGCATATGGCCGAAGACGCGGATATG-3and 3-

domains, forcing the membranes close together and thusCCGCTCGAGTTATTTGCCTAAATCTTTTAAATTTTTC-

overcoming the energy barrier for membrane fusion. 3. The coding sequence for residues $206 (SN2) of
To differentiate between this and alternative hypotheses, SNAP-25B was amplified using the primersGCGCTC-

it is important to understand the molecular details of the SAGGTGGTGGATGAACGGGAG-3and 3-GCGGGATC-

structural changes associated with the assembly reaction. W& CTACCCACTGCCCAGCATC-3 The coding sequence

have therefore embarked on a detailed investigation of fOr residues 186262 '(SX18&262) of syntaxin was ampli-
SNARE proteins and their complexes using a combination fiéd using the primers'S5CGCATATGGGGATCATCATG-

of molecular, biochemical, and biophysical techniques. The GACTCC-3 and 8-GCGCTCGAGTTAGCGTGCCTTGC-

data available so far suggest that these proteins have highlyf CTGGTA-3. Subcloning of the SN1, SN2, and SX180
unusual structural propertied§—20). First, both circular 262 constructs into the pET-15b expression vector was

dichroism (CD) and nuclear magnetic resonance (NMR) Pérformed usindNdd andXhd (SN1 and SX186-262) and
spectroscopy revealed that of the three monomers onlyXnd andBanHl sites (SN2).
syntaxin shows significant secondany-Kielical) structure Protein Purification All recombinant proteins were
whereas SNAP-25, and particularly synaptobrevin, are expressed as Hjgagged fusion proteins and purified by
unstructured 18, 19). Second, assembly into the synaptic Ni*"—Sepharose affinity chromatography. Proteins were
ternary complex is associated with a dramatic increase ineluted by increasing the imidazole concentration stepwise
a-helical structureX9). Third, the ternary SNARE complex  to 40, 80, 120, or 400 mM [in 20 mM Tris (pH 7.4) and 500
is thermally very stable, tolerating temperatures up t680 MM NaCl]. Fractions were analyzed for purity by SBS
without significant denaturationl@). Thus, assembly in- PAGE and staining with Coomassie Blue. NSF was purified
volves a change from largely unstructured synaptobrevin andas described previouslyl2). Fractions containing recom-
SNAP-25 into a highly stable and structured complex. binant proteins were dialyzed against standard buffer [20 mM
Interestingly, very similar features of the assembly reaction Tris (pH 7.4), 1 mM EDTA, and 1 mM dithiothreitol (DTT)]
and of the resulting complex were found for a set of yeast containing 50 mM NaCl. During this step, the kliggs
homologues despite limited sequence similarities, indicating were cleaved by thrombin with the vector-derived residues
that these features are conserved and are essential hallmarksly-Ser-His (SB+-96 and SN1), Gly-Ser-His-Met (SX180
for the fusion reaction in yeast and humags)( 262), or Gly-Ser-His-Met-Leu-Glu (SN2) remaining attached
In this study, we have used limited proteolysis of the to the N terminus of the fragments.
ternary complex to identify the minimal domains sufficient  All proteins were further purified by ion exchange chro-
for the assembly and disassembly of the core complex. matography using Mono-Q or Mono-S columns on an FPLC
Proteolysis resulted in a minimal complex that is fully system (Pharmacia). After loading, the proteins were eluted
competent for NSF-mediated disassembly. It consists of four with a linear gradient of NaCl in standard buffer. The peak
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fractions were pooled and dialyzed against standard bufferthermoelectric temperature controller. All measurements
containing 50 mM NacCl. The eluted proteins were 95% pure were performed in Hellma quartz cuvettes with path lengths
as determined by gel electrophoresis and mass spectrometnetween 0.1 and 0.2 cm. All CD spectra were recorded after
The ternary (syntaxin SNAP-25-synaptobrevin) complex  reaching equilibrium following an overnight incubation at 4
and the recombinant minimal core complex consisting of °C in the buffer indicated in the panels. To evaluate changes
SN1, SN2, SX186262, and SB1+96 were purified using  of the CD spectrum that can be attributed to complex
a Mono-Q column (Pharmacia) after overnight assembly of formation, the spectra were compared to the theoretically
the purified monomers. The minimal core complex was noninteracting sum of the individual spectra using the
further purified by size exclusion chromatogaphy on a equation Plsum = Zicin[B]i/Zicini, wherec; represents the
Superdex 200 HiLoad 16/60 prep grade column in standardrespective concentrations of the proteinsrepresents the
buffer containing 300 mM NaCl at a flow rate of 1 mL/min. respective numbers of amino acid residues, & fepre-
After purification, the proteins and the protein complexes sents the mean residue ellipticities of the individual proteins.
were dialyzed against standard buffer and concentrated byFor thermal melts, the mean residue ellipticities at 220 nm
ultrafiltration to final concentrations of -110 mg/mL. were measured as a function of temperature.

Protein concentrations, measured at 280 nm or/and the gjectrophoretic ProceduresRoutinely, SDS-PAGE was
Bradford assay22), were calibrated by internally standard-  carried out as described by Laemn@8[. When we tested
ized amino acid analysis following acid hydrolysis (carried  for Sps resistance, samples were solubilized in SDS sample
out by the W. M. Keck Foundation Biotechnology Resource ptfer [final concentrations of 60 mM Tris (pH 6.8), 2%
Laboratory at Yale University). SDS, 10% glycerol, and 3%-mercaptoethanol] and incu-
Limited Proteolysis The purified ternary complex was  pated at room temperature (not boiled) or'@(boiled) for
subjected to limited protease digestions in standard buffer 5 iy pefore being analyzed on a 15% polyacrylamide gel.
containing 100 mM NaCl using trypsin, chymotrypsin, and  For analysis of the constituents of the protease-resistant core

proteinase K, using a 1:100 (w:w) proteageotein complex  complex, tricine gel electrophoresis (16.5% T, 6% C) was
at 25 °C. The reaction was stopped by adding PMSF ;s p4).

containing SDS sample buffer and by placing the sample
on ice. The digests were further analyzed by SIPAGE
(23, 24).

Disassembly ReactionThe purified minimal core com-
plex (5uM) was disassembled by addition ofyM NSF,
12 uM o-SNAP, 5 mM MgC}, and 1.5 mM ATP in standard
buffer [20 mM Tris (pH 7.4), 1 mM EDTA, and 1 mM DTT]
containing 100 mM NaCl fol h at 37°C in the presence
of 2 uM TeNT light chain. The reaction was stopped by
heating the samples for 5 min to 96 in SDS sample buffer.
As controls, the reaction was carried out in the absence of _ o .
NSF and/ora-SNAP, or the ATPase activity of NSF was Multiangle Laser Light ScatteringSize exclusion chro-
abolished by replacing Mgg€lith 10 mM EDTA. As an ~ matography was performed on a HR-10/30 Superdex 200
assay for disassembl§1), cleavage of synaptobrevin (SB1 ~ column (Pharmacia) in standard buffer with 300 mM NaCl
96) by TeNT was monitored using tricine electrophoresis and 10 mM TCEP at a flow rate of 0.5 mL/min. The elution
for fragment separatior24). profiles were monitored by UV absorption at 280 nm, light

Characterization of the Components of the Protease- Scattering at 690 nm, and differential refractometry. Light
Resistant Core ComplexFor purification of the protease- ~ Scattering and differential refractometry were carried out
treated ternary complex, the complex was digested for 10 using the Mini-Dawn and Optilab instruments, respectively,
min at a 1:100 protease:ternary complex ratio with trypsin Of Wyatt Technology Corp. Analysis was carried out as
or proteinase K. Proteolysis was terminated by adding 10 described by Astra softwar@%). For each sample, 1Q0.
mM PMSF. Size exclusion chromatography was then Of protein solution was loaded. The/dc value (change of
performed using a HR-10/30 Superdex 200 column (Phar- Solution refractive index with respect to a change in
macia) in standard buffer containing 300 mM NaCl and 1 concentration of the molecules being investigated) is fairly
mM DTT at a flow rate of 0.5 mL/min. The fractions constant for proteins26) and was set to 0.185 for the
containing the protease-resistant complex were pooled and@nalysis of the light scattering data.
loaded on a Poros R1 column (Perseptive) using a high- Equilibrium Ultracentrifugation Ultracentrifugation was
performance liquid chromatography (HPLC) system (Rainin). performed at 21 and 48C using a Beckman Optima XL-I
The protein fragments were separated with a linear gradientanalytical ultracentrifuge in absorbance mode. Little dif-
from 0.12% TFA in water to 95% acetonitrile/0.1% TFA. ference was observed between the two temperatures. The
The separated protein fragments were characterized byprotein sample was in 10 mM sodium phosphate (pH 7.5)
electrospray mass spectrometry (W. McMurray, Yale Medi- and 150 mM NaCl. Three different concentrations (50, 36.5,
cal School, Cancer Center, New Haven, CT) and peptide and 18.5«M) in six sector cells were used to collect data at
microsequencing (W. M. Keck Foundation Biotechnology multiple speeds (10 000, 13 000, 16 000, 20 000, and 25 000
Resource Laboratory at Yale University). rpm). A partial specific volume of 0.75 mL/g was used.

CD Spectroscopy Far-UV CD spectra were obtained by The solvent density was set to 1.0073 g/mL. Data sets were
averaging over 520 scans with a step size of 0.5 nm on an subjected to global analysis using the MICROCAL ORIGIN
AVIV model 62DS CD spectrometer equipped with a software (Beckman).

Nondenaturing gels were prepared and run in a manner
identical to that of SDSpolyacrylamide gels except that
SDS was omitted from all buffers. To allow for comparison
with the spectroscopic data, the samples were incubated
overnight in standard buffer at the concentrations indicated
in the panels. After addition of sample buffer [final
concentrations of 60 mM Tris (pH 6.8) and 10% glycerol],
the samples were separated on a 3% stacking (Tris, pH 6.5)
and a 9% separation gel (Tris, pH 8.8). All gels were stained
with Coomassie Blue.



Minimal Core of the Synaptic SNARE Complex Biochemistry, Vol. 37, No. 29, 19980357

A ' ' These smaller fragments are amino-terminal fragments of
TC [Chymotrypsin|  Trypsin Protelnase K syntaxin as determined by N-terminal sequencing (data not

, I S VY DO O Y P shown). Heating of the sample in SDS-containing sample

kDa 0" [10'[20°[30°]10°[20|30°]10|20")30 buffer resulted in the disappearance of the major 40 kDa

66l __ protein band and the appearance of s_maller fragments in the

a5 -- e e = I Eg)lelt\:lular n_1as|s]c range of—GLf4 kDa (_Flgure 1B). f']!'he %ij

i3] a N-terminal fragments of syntaxin were not affected by
2: 1___ -.--‘----‘- - heating (Figure 1B, asterisk). Thus, proteolysis of the ternary
2a complex generated a SDS-resistant 40 kDa “minimal”
21 —lum complex. Since the results were similar for all three
- proteases, we restricted further analysis to the minimal

14 = et complexes generated by trypsin and proteinase K digestion.
As a first step, the minimal complex generated by the

protease digests was separated from other proteolytic frag-
ments by size exclusion chromatography. The purified

B TC Proteinase K complexes were then denatured in trifluoroacetic acid, and

kDa o 110 | 20° | 30 the peptide constituents were separated using reversed phase

45, _ HPLC. The components of the minimal complex eluted as

gg — well separated pgaks (no_t shown) whic_:h were subsequently

24 == analyzed by amino-terminal sequencing and electrospray

21— mass spectrometry. The results are summarized in Figure

2.

As expected, fragments derived from all three constituents
of the full-length ternary complex were identified. Synap-
tobrevin was least affected by proteolysis. Proteinase K
generated two fragments that lacked four and six N-terminal
Ficure 1: Limited proteolysis of the ternary synaptobrevlBNAP- residues, respectively, but did not cleave at the C terminus

25—syntaxin complex gives rise to a SD3-resistant core complex. ©f Synaptobrevin. Trypsin cleaved only the last two C-
(A) Purified ternary complex (TC) was incubated with the three terminal residues of the construct. In contrast, syntaxin was
proteases chymotrypsin, trypsin, and proteinase K for the times cleaved internally, resulting in the removal of the N-terminal

— — — K

”—“t;:}
N -

(minutes) indicated. All samples were then analyzed by SDS
PAGE without boiling. Under these conditions, the purified ternary

complex migrates as a single band at 67 kDa. Proteolysis resulted

in a major band at 3640 kDa (arrowhead) and smaller proteolytic

two-thirds of the molecule from the SDS-resistant core
complex. The C-terminal fragments produced by trypsin
extended from residue 159 to either residue 260 or 262.

fragments (asterisk). (B) The purified ternary complex was digested Proteinase K treatment yielded two shorter fragments
with proteinase K as in panel A, but this time, analysis was consisting of residues 18@®62 and 184-262. The differ-
performed by tricine gel electrophoresis after boiling of the sample ance petween the two digests can be explained by a lack of

in SDS-containing sample buffer. As expected, the SDS-resistant : . : ~
ternary complex (TC) is dissociated into its constituent proteins. Fryptlc cleavage sites downstream of residue 159. Interest

Note that the major band at 3@0 kDa disappeared and gave rise  ingly, the N terminus of the proteinase K product extends a
to several smaller bands (brace) in addition to the smaller proteolytic few residues beyond the region described previously as the
fragments (asterisk) seen also in panel A. H3 domain (residues 191266) Q7). Analysis of the
fragments derived from SNAP-25 revealed that both pro-
RESULTS . : . : . )
teases excised the middle region which contains the putative
Identification of a Protease-Resistant Core Complé&o membrane anchor domain. The resulting N- and C-terminal
investigate whether the ternary complex of synaptobre- fragments remained in the SDS-resistant core complex. The
vin,SNAP-25, and syntaxin contains a protease-resistant coreN-terminal fragments generated by the two proteases were
the ternary complex was assembled and purified as describeddentical (residues-283). The C-terminal fragments gener-
(19 using bacterially expressed proteins that lack their ated by trypsin extended from residues 120 or 125 to the
membrane anchors. The purified ternary complex was thenC-terminal end of the SNAP-25 construct, including the
subjected to limited proteolysis using chymotrypsin, trypsin, entire Hig tag. Proteinase K generated a very similar
and proteinase K. All digests were analyzed by SIPAGE fragment beginning at residue 115 and including some
without heating of the sample in SDS-containing sample residues of the C-terminal Hisag. These findings highlight
buffer to investigate whether SDS resistance, a feature ofthe importance of the C-terminal end of SNAP-25, whose

the ternary complex9), is preserved in the proteolysis
products.

The ternary complex migrates as a single entity with an
apparent molecular mass of about 67 kDa (Figure 1A, first
lane), consistent with previous resuls 12, 19). Proteolysis

cleavage by botulinal neurotoxins is associated with severe
impairment of exocytosis.

Complexes Formed between Iridual Components of the
Minimal Core Complex To further study the properties of
the protease-resistant core complex, the following fragments

with each of the three proteases yielded a single major bandwere recombinantly expressed as Himg proteins in

with an apparent molecular mass of aroune-36 kDa that
was stable even during prolonged incubation (Figure 1A,

Escherichia coli syntaxin, residues 18262; SNAP-25,
residues +83 and 126-206; and synaptobrevin, residues

arrowhead). Furthermore, smaller fragments in the molecular1—96 (i.e., unchanged). The proteins were purified, and the

mass range of 1518 kDa emerged (Figure 1A, asterisk).

affinity tag was removed by thrombin cleavage, leaving three
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synaptobrevin 2

syntaxin 1A

&EE% %QRQLETGR
1 150

SNAP-25B

206 120

FiGurRe 2: Schematic representation of the fragments obtained by limited protease digestion using trypsin or proteinase K. The components
of the ternary complex, synaptobrevin, SNAP-25, and the C-terminal part of syntaxin, are depicted with the amino acid sequence in single-
letter code. The cysteine-rich domain of SNAP-25 which is anchored to the membrane by means of palmitoyl side chains is drawn as a
loop. The transmembrane regions of synaptobrevin and syntaxin are included (dotted lines) but were not part of the recombinant ternary
complex subjected to limited proteolysis. Arrows (T, trypsin; K, proteinase K; or both) indicate the predominant cleavage sites of the
respective proteases as determined by N-terminal sequencing and mass spectrometry. The gray shaded regions correspond to the fragment:
that were generated by bacterial expression for a more detailed analysis.

to six additional residues attached to the N terminus (see Interestingly, synaptobrevin was able to form stable
Experimental Procedures). The synaptobrevin and both subcomplexes with syntaxin when either the N- or C-terminal
SNAP-25 fragments were monomeric, whereas the syntaxindomain of SNAP-25 was present (Figure 3, columns 10 and
fragment appeared to be trimeric as determined by multiangle11, and Figure 4, lanes 5 and 6), whereas it does not interact
laser light scattering (MALLS, not shown). with the individual or combined SNAP-25 fragments alone

CD spectroscopy revealed that only the syntaxin fragment (Figure 3, columns 6, 7, and 9; see also¥8f. Formation
had significanta-helical content, consistent with previous ©f these subcomplexes is associated with a major increase
results 28). Synaptobrevin and both SNAP-25 fragments N o-helical content (Figure 3, columns 10 and 11). Fur-
were largely unstructured, similar to previous results (not thermore, synaptobrevin in these complexes was resistant
shown; see refd8 and 19). Furthermore, the syntaxin (O Proteolytic cleavage by the tetanus toxin (TeNT) light
fragment formed stable complexes either with the N-terminal ¢hain (not shown).
or with both fragments of SNAP-25 but not with the When all four fragments were combined, a complex was
C-terminal fragment alone (Figure 4, lanes 9 and 10), again formed (Figure 4, lanes 7 and 8) that was again accompanied
consistent with previous resultd8). Formation of these by a pronounced increase wrhelical content (Figure 3,
subcomplexes was associated with an increaselielical column 12). This reassembled minimal complex was
content that was more pronounced than that observedresistant to SDS treatment, suggesting that it corresponds to
previously for the full-length proteins (Figure 3, columns the minimal complex generated by proteolysis. In contrast,
13—15; see refl§]. In contrast to uncleaved syntaxin, a the subcomplexes containing only one of the two SNAP-25
slight increase ini-helical content was observed when the fragments were not SDS-resistant (not shown).
syntaxin fragment was combined with synaptobrevin (Figure  Structural and Functional Properties of the Minimal
3, column 5), although no complex was observed in Complex The properties of the purified minimal complex
nondenaturing gels (not shown). It was previously suggestedcontaining all four fragments were as remarkable as those
that the N-terminal portion of syntaxin might prevent the of the full-length ternary complex. On the basis of its molar
binding of synaptobrevin20) which would explain this ellipticity (Figure 5A), itsa-helical content was calculated
observation. to be about 58% (50% for the full-length ternary complex;
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Ficure 3: Changes in the mean residue elliptici®][at 220 nm induced by interaction between the components of the protease-resistant
core complex. CD spectra were recorded in standard buffer containing 100 mM NaCt@t @fite columns represent the theoretically
noninteracting mean residue ellipticities at 220 nm calculated from the observed CD spectra of the individual proteins (co)mis 1
obtain the spectra of the various combinations (black columns), the proteins were incubated overnightising about equimolar ratios
(exception, column 15 since the syntaxi@BNAP-25 complex has a 2:1 stoichiometh). The following concentrations were used: SN1

(6 uM), SN2 (6uM), SB1-96 (5.1uM), and SX186-262 [4.8uM, except for the mix with SN1 and SN2 (column 15) where 2M was

used].

SX | e o | o | o K A

SB ° o | o | o 50000 ¢ —
SN1 ° ° ° M o | e 40000 |
SN2 b e | o 30000

20000 [

3
{©] (deg cm? dmol ™)

10000 [

h — — e '4 10000 [
— — 20000 [
-

. Loyl P | P S A
180 200 210 220 230 240 250 260

A S— Fa—
wavelength, nm

12 3 4 5 6 7 8 9 10

FiIGURE 4: Complex formation between the components of the -5000 T
protease-resistant core, analyzed by nondenaturing gel electro- [
phoresis and visualized by Coomassie Blue staining. All incubations

were performed as described in the legend of Figure 3. Note that
synaptobrevin is not detectable in the nondenaturing gel (lane 2)
due to its isoelectric point of 8.5. In lanes 50, arrowheads indicate

the position of major bands that do not correspond to any of the

monomers and reflect complexes. In lane 8, the purified minimal [ .
complex (MC) was used. = 20000 ©
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see refl9) and the complex was virtually resistant to heat -25000 L S e
denaturation up to 98C (Figure 5B). 0 20 40 60 80 100
Furthermore, we investigated whether the complex exists temperature ['C]

as a monomeric particle or whether it forms higher-order Ficure 5: CD spectrum and thermal stability of the protease-
oligomers. Oligomerization may be important during mem- resistant core complex. (A) CD spectrum of the purified minimal
brane fusion since it can be expected that single monomerscore_complex (30.9tM) at 25°C in 20 mM sodium phosphate

- . . . . (pH 7.5) containing 50 mM NacCl. (B) Change in the mean residue
are not sufficient to d”Ve, the fusion reaction. The m'n'm_al ellipticity [®] at 220 nm of the purified minimal core complex
complex eluted as a single peak from a size exclusion (30.94M) in standard buffer containing 100 mM NaCl as a function
column. Analysis by MALLS, however, revealed an ap- of temperature. The temperature increment wé€,2he equilibra-
parent concentration-dependent molecular mass in the rangdion time 3 min, and the averaging time 1 min.
of 60—97 kDa (not shown), which suggests oligomerization tions. It should be noted, however, that data obtained at
of the 41 kDa monomer. To investigate the association statehigher speeds and at lower concentrations could not be fitted
of the minimal complex in more detail, we performed to a unique model, suggesting the presence of smaller
analytical equilibrium ultracentrifugation. A good fit was subcomplexes at low concentrations (not shown). In all the
achieved with a monomettrimer equilibrium Kp ~ 3 uM) models used for fitting, no higher oligomeric species emerged
(Figure 6) using three speeds and two different concentra- (Figure 6).
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Ficure 6: Determination of the oligomeric state of the minimal complex. Sedimentation equilibrium data and residuals at a concentration
of 50 uM (A) and 36.5uM (B) using rotor speeds of 10 000 (blue circles), 13 000 (green circles), and 16 000 (red circles) rpm. Solid lines
show a global fit to a monomeitrimer equilibrium, where the monomer is assumed to be a 1:1:1:1 (SXA8B-SB1-96—SN1-SN2)

complex of 41 kDa. The global fit was performed using the data shown. The goodness of the fit wag®&7®é nonlinear fit).

Finally, we investigated whether the minimal core complex force between membranes which brings them into close
can be disassembled by the action of the ATPase NSF inapposition, thus promoting membrane fusi@nl2, 19, 20).
conjunction witha-SNAP.  As an assay for disassembly,  proteolytic mapping of the core domains resulted in
we used the susceptibility of synaptobrevin to cleavage by fragments that are similar to interacting domains identified
the TeNT ||ght chain. Previous work has shown that the by deletion mutagenesig,( 27-29, 32, 33) Our Study
constituents of the ternary complex are resistant to the actionproduced several interesting new insights. First, the excision
of clostridial neurotoxins but become susceptible to cleavage of the cysteine-rich loop in SNAP-25 thought to carry the
upon disassembly9(11, 30, 31). Incubation of the complex  palmitoyl side chains shows that this domain does not
with purified NSF andx-SNAP in the presence of Mg-ATP Tparticipate in complex formation. The observation lends
rendered synaptobrevin susceptible to cleavage by the TeNTfyrther support to the view that this region serves as a
light chain (Figure 7). Thus, the fragments present in the membrane anchor domain. Second, our data confirm that
minimal core complex not only contain the domains essential the C-terminal H3 domain of syntaxin is necessary and
for assembly but also are sufficient for disassembly by NSF syficient for complex formation and disassembly. This
anda-SNAP. domain appears to function as a “nucleation site” for the

entire complex since no stable associations can be formed
DISCUSSION without its participation. Third, all domains left intact by

In this study, we have used limited proteolysis as a tool the proteases (including proteinase K, a voracious and
to excise a core domain of the neuronal SNARE complex nonspecific enzyme that disrespects even membrane barriers)
which is sufficient for its reversible assemb'y and disas- include the Cleavage sites for clostridial neurotoxins and are
sembly. Our data identify this minimal core complex as a larger than the sites inferred from studies using deletion
defined structural entity that is capable of carrying out mutagenesis or toxin cleavage products. In fact, it is possible
complete assembly and disassembly reactions. The structuralo assemble complexes from smaller fragments, for instance,
changes occurring during assembly and the biophysical fragments generated by toxin cleavage. Some of these
properties of the fully assembled complex are remarkable cOmplexes are stable in SDSX 33, 34). However,
and suggest once again a link between these properties andesistance to proteolysis indicates that these additional amino
the role of the SNARE proteins in the fusion machine which acids belong to structurally defined entities and thus are an
is conserved during evolution. The major features of the integral part of the core domain.
assembly reaction are consistent with our recently proposed Our data further show that the minimal core complex can
model of membrane fusion. This model implies that the be disassembled lySNAP and NSF. This is not surprising
assembly reaction of SNARE proteins generates an attractivesince incomplete complexe8%) or complexes composed
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kDa One could speculate that in the plane of the membrane the

assembled “ternary” complexes could contain the C-terminal

6 6 — = domain of one and the N-terminal domain of a second SNAP-
=_' ,= — 4=’ 25 molecule, opening the possibility for the formation of

36 T 6 —_— - ' - linear or circular oligomers. Indeed, the surprisingly high

— ' fraction of SDS-resistant higher-order complexes in native
24 e — - —iam .
— membranes](l) and also some of the higher-order complexes
21 observed in vitroZ0) may represent such oligomeric forms.
It is exceedingly important to learn more about the formation
14 of such oligomeric structures and their potential regulation.

Sy, o o a— 4
Membrane fusion is likely to require the assembly of multiple

copies of ternary complexes in ring-shaped higher-order
6 1 structures for the initialization of a fusion pore opening.
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