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SNAREs in native plasma membranes are active
and readily form core complexes with endogenous

and exogenous SNAREs
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NSF attachment protein (SNAP) receptor (SNARE)

synaptobrevin 2 forms complexes with the plasma
membrane-bound SNAREs syntaxin 1A and SNAP25 to
initiate the fusion reaction. However, it is not known
whether in the native membrane SNAREs are constitutively
active or whether they are unable to enter SNARE complexes
unless activated before membrane fusion. Here we used
binding of labeled recombinant SNAREs to inside-out
carrier supported plasma membrane sheets of PC12 cells to
probe for the activity of endogenous SNAREs. Binding was

D uring neuronal exocytosis, the vesicle-bound soluble

specific, saturable, and depended on the presence of
membrane-resident SNARE partners. Our data show that
virtually all of the endogenous syntaxin 1 and SNAP-25 are
highly reactive and readily form SNARE complexes with
exogenously added SNAREs. Furthermore, complexes
between endogenous SNAREs were not detectable when
the membranes are freshly prepared, but they slowly form
upon prolonged incubation in vitro. We conclude that the
activity of membrane-resident SNAREs is not downregulated
by control proteins but is constitutively active even if not
engaged in fusion events.

Introduction
Soluble NSF attachment protein (SNAP)* receptor (SNARE)

proteins comprise a superfamily of small, mostly membrane-
bound, proteins that are essential for membrane fusion (Jahn
and Sudhof, 1999; Chen and Scheller, 2001). Characteristic
of all SNARE:s are the SNARE motifs, homologous stretches
of ~60 amino acids that are adjacent to the membrane an-
chor domains. SNARE motifs are unstructured as mono-
mers. However, when appropriate sets of SNARFs are mixed,
their SNARE motifs assemble spontaneously into tight com-
plexes of extraordinary stability, also referred to as core com-
plexes. Disassembly of core complexes is mediated by the ac-
tion of the chaperone-like ATPase NSF in conjunction with
cofactors (Sollner et al., 1993). Crystallographic studies have
shown that core complexes consist of elongated four helix
bundles in which the helices are connected by 16 layers of
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highly conserved amino acid side chains. The membrane an-
chor domains are extending at the COOH-terminal end of
the bundle. Each helix is contributed by a different SNARE
motif that occupies a unique position in the complex (Sutton
et al., 1998; Antonin et al., 2002).

Membrane fusion requires the formation of core com-
plexes (Chen and Scheller, 2001; Bruns and Jahn, 2002).
When membrane contact is established, appropriate sets of
SNAREs assemble into trans-complexes that connect the
membranes. It is presently believed that assembly proceeds
from the distal NH,-terminal ends of the SNARE motifs to-
wards the COOH-terminal membrane anchors, thus pulling
the membranes closely together and overcoming the energy
barrier for fusion (Hanson et al., 1997). Proteoliposomes
carrying appropriate sets of SNAREs spontaneously fuse
(Weber et al., 1998). Furthermore, interference with the as-
sembly of trans complexes blocks fusion (Xu et al., 1999;
Chen et al., 2001) supporting the view that SNARE assem-
bly suffices to catalyze membrane merger. After fusion, all
transmembrane domains are aligned in parallel and reside in
the same membrane (cis-complex). Cis-complexes are inactive
and need to be dissociated by NSF in order to regenerate
active and fusion-competent SNARE proteins.

Considering that free SNARE motifs spontaneously form
SNARE complexes in vitro, the question that arises is how
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their activity is controlled during membrane traffic. Several
lines of evidence were used to suggest that membrane-resi-
dent SNAREs are normally inactive and require activation
before fusion (Pfeffer, 1999; Wickner and Haas, 2000). For
instance, when the fusion of endosomes, yeast vacuoles, or
of exocytotic secretory vesicles is assayed in vitro, the action
of ATP-NSF is needed before fusion can occur. Therefore,
NSF and its cofactors are considered to belong to the prim-
ing factors that are needed to establish fusion competence
(Avery et al., 1999). Because NSF also acts upon partially as-
sembled complexes and individual SNAREs (Hanson et al.,
1995; Hayashi et al., 1995), its role may not be confined to
the disassembly of core complexes, but rather include a gen-
eral conformational activation of SNARE proteins.

In addition, the activity of SNAREs may be regulated by
other proteins. A large number of proteins have been shown
to bind specifically to certain SNAREs, and some of them
may control the ability of the SNARE:s to enter core com-
plexes. For instance, several dozen binding proteins are re-
ported for the SNAREs functioning in neuronal exocytosis
that include the synaptic vesicle protein synaptobrevin (also
referred to as vesicle-associated membrane protein) and the
plasma membrane proteins SNAP-25 and syntaxin 1. Binding
of the protein Munc-18 to syntaxin 1 in vitro stabilizes the
interaction of the NH)-terminal domain of syntaxin 1 with
the SNARE-motif, preventing syntaxin from binding to its
SNARE partners (Yang et al., 2000). Because several other
SNARE:s possess NH,-terminal domains that fold back onto
the SNARE motif (Munson et al., 2000; Tochio et al., 2001),
regulation of this intramolecular interaction by other proteins
may be a general mechanism for controlling SNARE activity.
Another example is the binding between synaptobrevin and
the vesicle protein synaptophysin which prevents interactions
with the SNARE-partners syntaxin and SNAP-25 (Edelmann
et al., 1995; Washbourne et al., 1995). Furthermore, GTPases
of the rab/ypt protein families have been invoked in the con-
trol of SNAREs (Lupashin and Waters, 1997; Wickner and
Haas, 2000) although the mechanism is still unclear.

Although these and many additional data suggest that the
SNARE: are tightly regulated, there is only scant information
about the size and activity status of SNARE pools in intact
cells and membranes. Using several independent experimen-
tal approaches, it was shown for the synaptic SNAREs that
cis-complexes do exist in intact membranes (Otto et al.,
1997), and that their concentration appears to be up-regu-
lated during exocytotic activity (Lonart and Sudhof, 2000;
Sanyal et al., 2001). Addition of recombinant SNAREs to
cell-free fusion reactions was shown to compete with, or to
substitute for, cleaved native SNAREs in membrane fusion,
suggesting that the pool of SNARE: involved in exocytosis is
at least transiently accessible to external probes (Chen and
Scheller, 2001). However, it is not known whether mem-
brane-resident SNAREs not engaged in ongoing fusion events
are active with respect to their ability to form core complexes,
or whether they are downregulated by other factors.

In the present study, we have used recombinant and fluo-
rescently labeled SNAREs as probes to investigate to which
extent the SNARE motifs of membrane-resident SNAREs
are capable of binding other SNAREs. As paradigms, we
used the SNARE:s functioning in neuronal exocytosis. We

took advantage of a recently developed procedure for prepar-
ing inside-out sheets of carrier supported plasma membranes
from PC-12 cells. These sheets retain their capacity for exo-
cytosis, and the membrane-resident SNAREs are freely ac-
cessible to external probes. Surprisingly, we found that re-
combinant SNARE:; readily bind to the membranes and that
binding is due to complex formation with endogenous
SNARE:s. Virtually all of the endogenous SNARE:s are active
in freshly prepared membrane sheets, and they are not com-
plexed with other SNAREs. However, upon extended incu-
bation they spontaneously assemble into inactive cis-com-

plexes, thus loosing their ability to bind exogenous SNARE:.

Results

Exogenous syntaxin 1A binds to endogenous

SNAP-25 in inside-out plasma membrane sheets

We have previously shown (Lang et al., 2001) that both syn-
taxin 1 and SNAP-25 form cholesterol-dependent clusters in
the plasma membrane that only partially overlap with each
other, thus allowing for differentiating by fluorescence mi-
croscopy syntaxin and SNAP-25 clusters. In vitro, syntaxin
and SNAP-25 form stable binary 2:1 complexes that are
structurally similar to, but less stable than, core complexes.
To examine if membrane-resident SNAP-25 is capable of
forming complexes with exogenously added syntaxin, we in-
cubated inside-out, glass-adhered plasma membrane sheets
prepared from PC12 cells (Avery et al., 2000) with recombi-
nant syntaxin. The syntaxin variant used in this and all sub-
sequent assays lacked its transmembrane domain and was la-
beled with the fluorophore Alexa594 at a cysteine introduced
in position 171. As shown in Fig. 1 (A-E), we observed
binding of syntaxin that was not uniform but concentrated
in spots, many of which were immunoreactive for SNAP-25
(Fig. 1, A-E). To obtain an estimate of the relationship be-
tween syntaxin binding and the density of SNAP-25, we
quantitated the fluorescence signals using two different
methods. First, we took random pictures and selected areas
of approximately 5-10 wm? followed by quantitation of flu-
orescence intensities in both channels (see Materials and
methods). A linear correlation between endogenously avail-
able SNAP-25, as judged by the immunostaining intensity
for SNAP-25 (green channel), and syntaxin 1A-Alexa594
fluorescence (red channel), was observed (Fig. 1 F). Second,
we determined the degree of colocalization between bound
syntaxin and SNAP-25 at the level of individual fluorescent
spots (Fig. 1; Materials and methods). The background-cor-
rected degree of colocalization was 45 * 5%.

The moderate degree of colocalization can be explained in
two ways. First, binding of syntaxin may interfere with im-
munostaining of SNAP-25, which is likely because most
known immunoreactive epitopes are within the SNARE-
motifs (Xu et al., 1999). Second, it cannot be excluded that
there are other binding sites for syntaxin, an interpretation
also suggested by the fact that there is still significant syn-
taxin binding in absence of detectable SNAP-25 immunore-
activity (Fig. 1 F). To differentiate between these possibili-
ties, we incubated the membrane sheets with the light chain
of botulinum neurotoxin (BoNT) and the SNAP-25-spe-
cific monoclonal antibody Cl 71.1, both reported to inter-
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Figure 1. Syntaxin 1A binds to endogenous SNAP-25 on inside-out

sheets of plasma membrane derived from PC12 cells. (A and B)
Membrane sheets were reacted for 50 min at 37°C with syntaxin
1A(1-262)-Alexa594 (red channel) and then washed, fixed, and
immunostained for SNAP-25 (green channel). (C and D) Magnified
views from A and B. (E) Overlap from C and D. Circles indicate
identical pixel locations. (F) On membrane sheets such as shown in
A and B the staining intensity of random images in the green channel
was measured and plotted against the staining intensity in the red
channel, showing a linear correlation. (G) Effect of SNAP-25 cleavage
by 2 uM of BoNT/E and/or Cl 71.1 (antibody specific for SNAP-25)
on syntaxin binding, measured as above. Dilution of the antibody as
indicated. (H) Effect of antibodies against rab3 (Cl 42.1), synaptobrevin
2 (Cl 69.1), and SNAP-25 (Cl 71.1) on syntaxin binding. (I) Binding
of syntaxin in the presence of 2 .M BoNT/C1 (cleaving syntaxin)
and 2 pM TeNT (cleaving synaptobrevin).

fere with syntaxin binding to SNAP-25 via independent
mechanisms. BoNT/E cleaves SNAP-25 within the COOH-
terminal SNARE motif (Binz et al., 1994) reducing its abil-
ity to interact with other SNAREs (Hayashi et al., 1994).
Antibody Cl 71.1 binds to the NH,-terminal SNARE motif
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and completely abolishes SNARE binding of SNAP-25 in
vitro (Xu et al., 1999).

As shown in Fig. 1 G, addition of both BoONT/E and anti-
body Cl 71.1 to the binding reaction strongly interfered with
syntaxin binding. Simultaneous incubation with both inhibi-
tors led to a further reduction, and binding was virtually abol-
ished when the concentration of the antibody was increased.
In contrast, no inhibition was observed when monoclonal an-
tibodies specific for rab3 or for synaptobrevin were used (Fig.
1 H), although these antibodies effectively labeled their re-
spective antigens in control experiments (unpublished data).
These data show that most, if not all, of the syntaxin binding
can be accounted for by specific binding to SNAP-25.

No change was observed upon pretreatment with BoNT/
C1 which cleaves membrane-bound syntaxin close to the
transmembrane domain (Blasi et al., 1993; Schiavo et al.,
1995) although endogenous syntaxin was completely removed
(see below; see Fig. 4). Thus, it appears that endogenous syn-
taxin does not interfere with the binding of exogenously added
syntaxin. This suggests that endogenous syntaxin does not re-
cruit large pools of SNAP-25 into stable binary complexes. In-
terestingly, treatment of the membrane sheets with tetanus
neurotoxin (TeNT) slightly reduced syntaxin binding (75% of
control). Because TeNT specifically cleaves synaptobrevin
without affecting any of the other SNAREs (Schiavo et al.,
1992), these data suggest that a pool of synaptobrevin in the
membrane contributes to the binding of exogenous syntaxin,
probably by forming SNARE core complexes that are known
to be considerably more stable than binary complexes between
SNAP-25 and syntaxin (see below).

Binding of exogenous synaptobrevin 2 to inside-out
plasma membranes depends on both endogenous
syntaxin and SNAP-25

We next asked if fluorescently labeled synaptobrevin binds
to the membrane sheets. For binding, we used a synaptobrevin
2 variant lacking the transmembrane domain (residue 1-96)
that was labeled with Alexa488 or Alexa594 at a cysteine in-
troduced at position 28. Again, binding to membrane clus-
ters was observed. To examine the dependence of synapto-
brevin binding on the syntaxin levels in the plasma
membrane, membrane sheets were generated from PC12 cells
overexpressing syntaxin 1A-GFP, resulting in highly vari-
able expression levels (Fig. 2 A, green channel), with maxi-
mal levels exceeding the endogenous levels by 10-15-fold as
determined by immunostaining for syntaxin (unpublished
data). Bound synaptobrevin colocalized with syntaxin-GFP,
with 95 * 1% of the syntaxin clusters containing bound
synaptobrevin, and 91 & 3% of all synaptobrevin-Alexa594—
positive clusters corresponding to a syntaxin-GFP cluster.
Furthermore, the amount of bound synaptobrevin corre-
lated with the expression levels of syntaxin-GFP (Fig. 2, A-E
and F), resulting in a linear correlation between GFP and
Alexa 594 fluorescence, with the intercept on the Y-axis rep-
resenting binding to the endogenous syntaxin pool.

Previous in vitro studies have shown that synaptobrevin
only binds upon core complex formation and does not inter-
act with the free SNARE motifs of either SNAP-25 or syn-
taxin (Fasshauer et al., 1997b). Therefore, we again added
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Figure 2. Synaptobrevin 2 binds to endogenous syntaxin clusters
on inside-out membrane sheets but also requires endogenous
SNAP-25 for binding. (A and B) Membrane sheets were produced
from cells expressing syntaxin TA-GFP (green channel), and then
reacted with synaptobrevin 2—-Alexa594 (red channel). (C and D)
Magnified views from A and B. (E) Overlap from C and D. (F) Plotting
green against red fluorescence intensity from membrane sheets as
shown in A and B. (G) Synaptobrevin 2 binding depends both on
intact syntaxin 1 and SNAP-25, as it is inhibited by membrane
treatment with either 2 wM BoNT/C1 or BoNT/E. (H) Membrane
sheets were reacted with syntaxin 1A-Alexa594 for 60 min, washed
two times at room temperature in BSA-KGlu buffer, and then reacted
for 50 min with synaptobrevin 2—Alexa488. In this experiment, the
measured green fluorescence intensity is an underestimate due to
FRET occurring from the green to the red label. Note that in the
experiments shown in G and H, nontransfected cells were used.

clostridial neurotoxins to the binding reaction in order to in-
vestigate whether binding is dependent only on endogenous
syntaxin or whether endogenous SNAP-25 is also involved.
As shown in Fig. 2 G, addition of either the syntaxin-spe-
cific BoNT/C1 or the SNAP-25-specific BONT/E light
chains to the binding reaction largely interfered with synap-
tobrevin binding, the residual binding activity being due to

the competition between toxin cleavage and synaptobrevin
binding during the reaction, the latter resulting in the for-
mation of toxin-resistant complexes. Thus, it appears that
synaptobrevin needs both syntaxin and SNAP-25 for bind-
ing, corroborating the in vitro data, and showing that bind-
ing is limited by syntaxin but not by SNAP-25. If there is in-
deed excess binding capacity of SNAP-25, one would
predict that not only overexpression of syntaxin but also the
addition of exogenous syntaxin should increase synaptobre-
vin binding. To test this prediction, we measured binding of
synaptobrevin (labeled with Alexa488) after incubating the
membrane sheets with syntaxin 1A-Alexa594 that is sup-
posed to form in conjunction with excess SNAP-25 the ac-
ceptor sites for exogenous synaptobrevin. As expected, a
close correlation between the amount of bound syntaxin and
synaptobrevin was observed (Fig. 2 H).

The characteristics of synaptobrevin binding suggests that
the protein binds to the membranes by SNARE-specific inter-
actions and that binding requires both SNAP-25 and syntaxin.
These findings are best explained if synaptobrevin recruits en-
dogenous syntaxin and SNAP-25 to form cis-core complexes
in the membrane. We performed several control experiments
to confirm this interpretation. Core complex formation would
imply that exogenously added syntaxin and synaptobrevin
bind to the same site. Fig. 3 (A—C) show that this is indeed the
case: 92 £ 2% of all synaptobrevin-Alexa488 spots colocalized
with syntaxin-Alexa594 spots, and 84 = 4% of the syntaxin
spots colocalized with synaptobrevin spots. Furthermore, a
fluorescence resonance energy transfer (FRET) signal was ob-
served between synaptobrevin 2—-Alexa488 and syntaxin 1A—
Alexa594 that occurs only when the two fluorophors are sepa-
rated by distances smaller than 3-10 nm (Fig. 3 F). Thus,
FRET demonstrates that both proteins are incorporated si-
multaneously into the same complex. To confirm that the
complexes formed by the recombinant SNAREs are SNARE
complexes, the membranes were incubated with aSNAP/
NSE-ATP that disassembles SNARE complexes. As expected,
both exogenously bound syntaxin 1A-Alexa594 or synapto-
brevin 2—Alexa488 were removed from the membranes in an
ATP-dependent manner (Fig. 3, D and E).

Syntaxin and SNAP-25 in the plasma membrane

are free but form endogenous SNARE complexes

upon prolonged incubation

Thus far, the results suggest that SNAREs in the plasma
membrane are reactive and readily form SNARE complexes
with exogenous recombinant SNAREs. However, we cannot
exclude that a significant pool of the endogenous SNARE: is
present in preformed complexes that do not bind exogenous
SNAREs. To test for this possibility, we incubated freshly
prepared membranes with an excess of BoNT/C1. This
toxin only cleaves syntaxin that is uncomplexed (Blasi et al.,
1993) or part of binary complexes with SNAP-25 (C.
Schiitte, personal communication) whereas syntaxin in core
complexes is cleavage-resistant (Hayashi et al., 1994; Otto et
al., 1997). The efficiency of syntaxin cleavage was assayed
using indirect immunofluorescence. As shown in Fig. 4,
BoNT/C1 treatment causes an almost quantitative removal
of syntaxin, whereas SNAP-25 remains unchanged, demon-
strating that no ternary complexes are present.
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Figure 3. Syntaxin 1A-Alexa594 and
synaptobrevin 2-Alexa488 form SNARE
complexes on inside-out membrane sheets.

(A—-C) Membrane sheets reacted simultaneously
with syntaxin 1A-Alexa594 (red channel) and
synaptobrevin 2—-Alexa488 (green channel). (D and E)
NSF removes bound syntaxin 1 and synaptobrevin 2
from inside-out membranes. Membrane sheets
reacted for 50 min with either synaptobrevin
2-Alexa488 (D) or syntaxin 1A-Alexa594 (E) were
incubated with 0.5 pg/wl aSNAP and 0.1 pg/pl
NSF during the last 10 min of the binding reaction,
either in the presence of ATP or in the absence of
ATP (including 1T mM EDTA). (F) Membrane sheets
were reacted with syntaxin 1A-Alexa594 and
synaptobrevin 2—Alexa488 either together (left)

or alone (middle, right) and viewed in the green,
red or the FRET channel. When both labeled
proteins are bound a strong signal is detected in
the FRET channel.

Because the plasma membrane contains not only high lev-
els of syntaxin and SNAP-25 but also considerable amounts
of synaptobrevin, the lack of cis—core complexes can be ex-
plained in two ways. First, the SNAREs are physically sepa-
rated from each other, thus excluding close-range interactions
as required for core complex formation. Second, the mem-
brane-resident SNAREs are capable of forming core com-
plexes but complex formation is slow; thus, NSF-driven disas-
sembly dominates the equilibrium. According to the latter
scenario one would expect that prolonged incubation of the
membrane sheets in the absence of ATP-NSF and o-SNAP
would allow for the formation of toxin-resistant core com-
plexes. As shown in Fig. 4 E, this was indeed the case. When
the membrane sheets were incubated for 60 min before toxin
treatment, syntaxin became largely cleavage resistant, suggest-
ing that the majority of syntaxin forms core complexes.

To confirm that binding of exogenous syntaxin and synap-
tobrevin only occurs when the endogenous SNARE: are not
complexed, we performed binding experiments with fluores-
cently labeled syntaxin and synaptobrevin after various prein-
cubation times. As expected, a time-dependent decrease of
binding was observed for both proteins (Fig. 4, F and G). For
synaptobrevin, the decrease could at least partially be pre-
vented when the sheets were treated with TeNT during the
preincubation time (unpublished data), demonstrating that
the binding site for exogenous synaptobrevin is competed for
by the endogenous protein during preincubation.

Although these results exclude that there are significant
amounts of core complexes, it is still possible that at least part

of the endogenous syntaxin is associated with SNAP-25. As
discussed above, such binary complexes are required for syn-
aptobrevin binding in in vitro assembly reactions, and they
may provide a convenient explanation for the dependence of
synaptobrevin binding on both endogenous syntaxin and
SNAP-25. If such binary complexes are indeed present, one
would expect that an increase of endogenous syntaxin should
progressively compete with the binding of exogenously added
syntaxin, resulting in a negative correlation between endoge-
nous syntaxin and the binding of exogenous syntaxin. To test
for this possibility, membrane sheets from cells overexpressing
syntaxin 1A-GFP were reacted with syntaxin 1A-Alexa594
(Fig. 5). When the syntaxin 1A-GFP fluorescence was plotted
against syntaxin 1A—Alexa594, no correlation was found (Fig.
5 F), suggesting that no significant pool of stable binary com-
plexes of syntaxin and SNAP-25 is present. This is consistent
with our observation that BoNT/C treatment does not in-
crease the binding sites for syntaxin (see above). Furthermore,
overlap between GFP-syntaxin and bound exogenous syn-
taxin was low (Fig. 5, A-E). We conclude that SNAREs in
native plasma membranes do not form stable SNARE com-
plexes. Rather, they are free and active in their capability to
bind to their partner SNARE:s.

Discussion

In this study, we have used several approaches to show that
in intact plasma membranes the SNAREs SNAP-25 and

syntaxin are largely active in a constitutive manner. Thus,
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Figure 4. Endogenous syntaxin 1 is quantitatively cleaved by
BoNT/C1 on freshly isolated inside-out membrane sheets but
not after prolonged incubation suggesting formation of SNARE
core complexes over time. (A-D) Membrane sheets treated

for 45 min in the presence (C and D) or absence (A and B) of

5 M BoNT/C1 were immunostained for syntaxin 1A/B (A and C)
and SNAP-25 (B and D). (E) Quantification of syntaxin-immuno-
staining intensity on membrane sheets as shown in A and C

and membrane sheets that were incubated for 1 h before BoNT/C1
treatment. Binding of syntaxin 1A-Alexa594 (F) and synaptobrevin
2-Alexa488 (G) to membrane sheets that were preincubated

at 37°C in buffer for 0, 10, 30, or 60 min before addition of the
labeled proteins.

sx1A-Alexa594

u
N
o
)
L
°

-
(4]
o
e

)]
o
o
<Be
®
®
[

sx1A-Alexa594 (a
2
. =)
<
%e
L]
L ]
L ]
L ]

0 200 400 600 800
sx1A-GFP (a.u.)

Figure 5. Binding of exogenous syntaxin 1A is not affected by
syntaxin overexpression. Syntaxin 1A-Alexa594 binding was
measured on membrane sheets from cells expressing syntaxin 1A-GFP.
(A) Syntaxin TA-GFP (green channel). (B) Syntaxin TA-Alexa594
(red channel). (C and D) Magnified views from A and B. (E) Overlap
from C and D. (F) Plotting green against red fluorescence intensity in
random images obtained from membrane sheets as shown in A and B.

the SNAREs are not downregulated by interacting with each
other or with other proteins. These results are unexpected in
the light of many reports describing upstream control of
SNAREs by other proteins. Our data do not exclude that
SNARE: are regulated before fusion. However, they clearly
document that such control mechanism do not operate by
inactivating the intrinsic ability of the respective SNARE
motifs to enter core complexes, at least not in a cis-configu-
ration. Furthermore, the binding properties of membrane-
resident SNAREs resemble those determined previously for
SNAREs in solution (for review see Brunger, 2001), con-
firming that the SNARE motifs are solely responsible for
these interactions.

Our data revealed a detailed picture about the status of
SNARE: in the plasma membrane that is summarized in Fig,
6. When membranes are freshly prepared, SNAP-25 and
syntaxin are present in separate clusters. Furthermore, the
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Figure 6.  Working model: in the native plasma
membrane the SNAREs are reactive. When isolated
plasma membrane sheets age, the reactive endoge-
nous SNAREs form binary and ternary complexes.
Reactive endogenous SNAREs also form SNARE
complexes with added recombinant SNAREs.
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plasma membrane contains a pool of synaptobrevin that is
also organized in clusters (unpublished data) and is not in
complexes with its partner SNAREs. This conclusion is sup-
ported by (a) the observation that all SNARE:s are sensitive
to cleavage by clostridial neurotoxins that cannot attack their
substrates in core complexes, and (b) our finding that the en-
dogenous SNARE:s readily bind exogenously added partner
SNARE:s in a specific and predictable manner.

Our data allow us to rule out that SNARE core complexes
are present to a measurable degree in freshly prepared mem-
branes. Similarly, it is unlikely that binary complexes be-
tween syntaxin and SNAP-25 as defined by in vitro binding
assays are present. Such binary complexes are structurally
similar to ternary complexes with the exception that the po-
sition of synaptobrevin is replaced by a second syntaxin mol-
ecule (Fasshauer et al., 1997a) and that the NH,- and
COOH-terminal ends of the helical bundle are less struc-
tured (Margittai et al., 2001). Our conclusion is based on
the observation that even strong overexpression of syntaxin
does not reduce binding of exogenous syntaxin to SNAP-25.
Furthermore, quantitative removal of endogenous syntaxin
by BoNT/C1 does not increase binding of exogenous syn-
taxin which would be expected if significant proportions of
SNAP-25 were complexed with endogenous syntaxin.

Intriguingly, there is some evidence for a loose connection
between syntaxin and SNAP-25, or at least for a ready avail-
ability of SNAP-25 for the formation of syntaxin-dependent
complexes. This is shown by our finding that exogenously
added synaptobrevin recruits endogenous SNAP-25 into
core-complexes at sites where syntaxin is clustered. SNAP-
25 is linked to the membrane by palmitoyl anchors, and
may thus be more mobile than syntaxin with its transmem-
brane domain that in addition tends to form homooligomers
(Laage et al., 2000). Although both proteins reside in clus-
ters, those of SNAP-25 are more numerous and appear more
diffusive than syntaxin clusters with which they partially
overlap (Lang et al., 2001). Hence, SNAP-25 is more abun-

dant in the membrane than syntaxin, which is also sup-
ported by our finding that syntaxin but not SNAP-25 is lim-
iting in creating acceptor sites for synaptobrevin. Docked
granules do not contribute significantly to these clusters, as
<10% of the membrane sheets retain granules. Further-
more, as in these cases, the density of granules is at least
fourfold lower than that of the SNARE clusters (Lang et al.,
2001; unpublished data).

Ready availability of mobile endogenous SNAP-25 may
also explain why recombinant SNAP-25 did not bind to the
membranes (unpublished data). If syntaxin is indeed un-
complexed, one would expect that exogenously added
SNAP-25 binds to the endogenous syntaxin. However,
complex formation of exogenous SNAP-25 requires the si-
multaneous recruitment of two syntaxin molecules, and may
thus be too slow, particularly when considering that the lo-
cal concentration of endogenous SNAP-25 is probably far
higher than that of exogenously added SNAP-25 (which like
the other SNAREs was added at a concentration of 4 uM).

Although the SNARE: are not present in binary or ternary
SNARE complexes in freshly prepared membranes, such
complexes form when the membranes age. In a live cell, a
formed cis-SNARE complex would be disassembled by
aSNAP/NSF action to regenerate reactive SNAREs. Segre-
gation of SNAREs into microdomains (Lang et al., 2001)
may be an efficient process to keep the rate of unproductive
SNARE complex formation low, allowing for NSF to main-
tain all SNAREs in a disassembled state under steady-state
conditions. Because SNARE complex disassembly requires
ATP hydrolysis, high turnover rates of SNARE complex as-
sembly and disassembly would be unfavorable for the cell.
As previously reported, syntaxin and SNAP-25 clusters over-
lap only partially (Lang et al., 2001). Low overlap between
overexpressed syntaxin 1A-GFP, reflecting the endogenous
syntaxin, and syntaxin 1A—-Alexa594, reflecting the endoge-
nous SNAP-25, are consistent with the idea that syntaxin
and SNAP-25 are segregated at least in part in the mem-
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brane, and the same holds true for synaptobrevin (unpub-
lished data). Similarly, SDS-resistant SNARE complexes
were observed in temperature-sensitive NSF mutants of
Drosophila only at the restrictive temperature (Sanyal et al.,
2001), supporting our notion that core complexes can only
accumulate when NSF is inactive or when the ATP/ADP ra-
tio is reduced.

An obvious question that arises is how is exocytic activity
affected by the artificial generation of SNARE complexes in
in vitro fusion assays? Our study shows that ternary SNARE
complexes form when the membranes are either preincu-
bated or reacted with recombinant SNARE:s. It is well estab-
lished that reactive SNARESs are required for exocytosis but,
as outlined further below, the SNARE: are thought to be ac-
tivated during vesicle docking by a priming reaction. When
inside-out membrane sheets of PC12 cells were preincu-
bated for 60 min at 37°C, exocytic activity of secretory gran-
ules that are associated with the plasma membrane decreased
to low levels (Avery et al., 2000), with the most dramatic de-
crease occurring in the first few minutes after cell disruption
(unpublished data), although priming conditions were
maintained during the incubation. Although this decrease
may also be caused by non—-SNARE-dependent factors, a di-
rect inhibitory action of exogenously added SNAREs on
exocytosis has been described previously (Chen et al., 2001;
Scales et al., 2000). When permeabilzed PC12 cells were in-
cubated with recombinant syntaxin 1A or synaptobrevin 2,
exocytic activity, as measured by secretion of radioactively
labeled norepinephrine, was blocked (Scales et al., 2000).
However, in these experiments, only the small pool of
SNARE: engaged in exocytosis was probed whose properties
may be different.

The finding that membrane-resident SNAREs spontane-
ously form SNARE complexes during membrane isolation
and that complex formation is associated with loss of exo-
cytic activity raises important questions about the interpreta-
tion of data acquired from in vitro fusion assays such as exo-
cytosis in permeabilized cells (Holz et al., 1989; Robinson
and Martin, 1998; Chen et al., 2001), or homotypic fusion
of isolated yeast vacuoles (Haas et al., 1994; Wickner and
Haas, 2000) or mammalian endosomes (McBride et al.,
1999). From these assays, detailed models were put forward
describing the sequence of steps leading to membrane fu-
sion. It is currentdy believed that membranes first are
docked/tethered and primed before they can undergo fu-
sion. Priming requires aSNAP/NSF and ATP in permeabi-
lized cells (Banerjee et al., 1996) and in the yeast vacuole fu-
sion system (Mayer and Wickner, 1997), suggesting that
SNARE:s need to be activated for membrane fusion. How-
ever, the need for SNARE activation during priming may be
an experimental artifact, as during the preparation of the
material the SNARE:s are expected to react with each other
to form inactive cis-complexes. Hence, priming of SNAREs
may not be part of a sequence that leads to fusion, but they
represent the normal state of the proteins in live cells.

Our finding that plasma membrane—resident SNAREs are
predominantly active suggests that the availability of reactive
SNARE:s is not regulated by controlling SNARE activity it-
self. Obviously, probing endogenous SNAREs with recom-

binant proteins will only measure the capacity of the

SNAREs to form cis-complexes, and it cannot be excluded
that the ability to enter trans-complexes is regulated in an
unknown fashion that is not uncovered by our assays. At
least we can safely conclude that the availability of the reac-
tive SNARE motifs per se is not subject to regulation.
Rather, regulation may occur at the level of docking and at
the level of trans-complexes whose activity may be modu-
lated by proteins such as synaptotagmin or complexin.

Materials and methods

Cell culture and transfection

PC12 cells (clone 251; Heumann et al., 1983) were maintained and propa-
gated as described (Lang et al., 1997). Transfection of PC12 cells with syn-
taxin TA—EGFP (Lang et al., 2001) was performed essentially as described
previously (Lang et al., 1997).

Antibodies

For the detection of syntaxin 1/A, a mouse monoclonal antibody was used
(HPC-1; Barnstable et al., 1985). For detection of SNAP-25, a rabbit poly-
clonal sera was used (Aguado et al., 1996). Secondary antibodies used were
Cy2-coupled goat-anti—rabbit and Cy3-coupled goat-anti-mouse (Dianova).
The following mouse monoclonal antibodies were used in the binding stud-
ies: anti-Rab3a/b (Cl 42.1; Synaptic Systems), anti-synaptobrevin 2 (Cl 69.1;
Edelmann et al., 1995), and anti-SNAP-25 (Cl 71.1; Xu et al., 1999).

Recombinant proteins

The following expression constructs have been described before: synapto-
brevin 2 (1-96) S28C (Margittai et al., 2001), SNAP-25 (Fasshauer et al.,
1999), syntaxin 1A (cytosolic fragment 1-262; Pabst et al., 2000), and
aSNAP and NSF (Hanson et al., 1995). A single cysteine mutant of syn-
taxin 1A (1-262) C145S, S171C was generated by primer-mediated muta-
genesis as described previously (Margittai et al., 2001). The construct was
subcloned into pET28a (Novagen) into the Nde/Xho restriction site. Cor-
rectness of the DNA sequence was confirmed by DNA sequencing.

All recombinant SNAREs were expressed as Hise-tagged fusion proteins
and purified by Ni**-Agarose. The proteins were dialyzed against KGlu-
buffer (20 mM Hepes, pH 7.2, 120 mM potassium glutamate, 20 mM po-
tassium acetate, 1 mM dithiothreitol). The tags were removed using throm-
bin and proteins were further purified using Mono-Q or Mono-S columns
on an FPLC system (Pharmacia). For fluorescence labeling DTT was re-
moved by size-exclusion chromatography (Sephadex G50 superfine mate-
rial, Amersham Biosciences) and syntaxin 1A (1-262) S171C and synapto-
brevin (1-96) S28C were incubated for 3 h on ice with a 10-fold excess of
maleimide-coupled Alexa488 or Alexa594 (Molecular Probes). The reac-
tion was stopped by the addition of 10 mM DTT, and labeled proteins
were separated from free dye by size-exclusion chromatography (Sepha-
dex G50 superfine material; Amersham Biosciences) in KGlu buffer. Label-
ing efficiencies ranged from 50 to 100%. Recombinant aSNAP was ex-
pressed as a GST fusion protein and purified using glutathione Sepharose.
The tag was removed using thrombin and the protein was further purified
using a Mono-Q column on an FPLC system (Amersham Biosciences).
BoNT/C and E and TeNT light chains, a gift from Heiner Niemann (Medi-
zinische Hochschule Hanover, Hanover, Germany), and NSF were ex-
pressed as Hise-tagged fusion proteins and purified by Ni**-Agarose. Pro-
teins were dialyzed against KGlu buffer. In the case of NSF, during all
steps, 1T mM ATP and 2 mM MgCl, were present.

Binding studies

For preparation of membrane sheets, cells were grown on poly-L-lysine—
coated coverslips and disrupted as described previously (Avery et al.,
2000) using a 100-ms ultrasound pulse in ice-cold sonication-buffer (20
mM Hepes, pH 7.2, 120 mM potassium glutamate, 20 mM potassium ace-
tate, 10 mM EGTA, 2 mM MgATP, and 0.5 mM dithiothreitol). Under these
conditions, the majority of the generated membranes are devoid of secre-
tory granules. The membrane sheets were then reacted with the proteins
indicated at 37°C in KGlu-BSA (KGlu containing 4 mM MgCl,, 2 mM ATP
and 3% BSA) at 37°C in a humid chamber for 30-60 min (half maximal la-
beling was observed after ~5 min; unpublished data). The concentration
of the labeled fluorescent SNAREs was always 4 pM. When clostridial
neurotoxin light chains or an inhibitory antibody was used, these reagents
were added simultaneously with the labeled probe. Membrane sheets
were then washed two to three times at room temperature in KGlu-BSA for



40-80 min. Membrane sheets were washed once in PBS (150 mM NacCl,
10 mM Na,HPO,, 10 mM NaH,PO,, pH 7.4), fixed for at least 2 h in 4%
PFA, washed in PBS, and imaged in PBS containing 4% of a 1-(4-trimeth-
ylammonium)-6-phenyl-1,3,5-hexatriene (TMA-DPH) saturated PBS solu-
tion. TMA-DPH visualizes phospholipid membranes and allows for identi-
fying membrane sheets without any information of the fluorescence in the
other channels, hence avoiding preferential selection of membrane sheets
according to their staining intensity. Using TMA-DPH further avoided
strong bleaching of the green or the red label due to the positioning of the
membranes into the field of the camera and the focusing procedure. All
preincubation steps with or without recombinant proteins were performed
at 37°C in KGlu-BSA. In some experiments, reacted membrane sheets were
immunostained by performing the protocol described below, with the fol-
lowing changes: anti-SNAP-25 was diluted 1:100; goat-anti-rabbit-Cy2
was diluted 1:200; incubation time with the primary antibody was 2 h; and
incubation time with the secondary antibody was 90 min.

Quantitation of fluorescence signals
For comparative quantitation of fluorescence intensity, membrane sheets
were identified in the TMA-DPH pictures, each containing up to 15-20 in-
dividual membrane sheets. Up to five areas of 5-10 pm? each covering
several dozens of clusters were placed randomly on membrane sheets and
then transferred to the other channels with corrections being made to
avoid obvious artefacts such as highly fluorescent contaminating particles
that were occasionally seen. In each area, the overall fluorescence inten-
sity was quantitated. Local background was measured in an area outside
the membrane sheets and subtracted. For each condition, 23 — 60 (mean =
37) membrane sheets were analysed. Values are given as mean = SEM.
To determine colocalization of spots in two channels, we used a proce-
dure similar to that described previously (Lang et al., 2001). Circles were
centered around randomly selected individual spots (25 each per individ-
ual membrane sheet) in one channel (Fig. 1) and then transferred to the
second channel. If the fluorescence intensity maximum of a corresponding
spot in the second channel was within 200 nm of the spot in the first chan-
nel, it was rated as colocalized. To correct for accidential colocalization,
the image of the first channel was superimposed with a mirror image of the
second channel, and colocalization was determined as above. The back-
ground values ranged between 12 and 22%. Background correction was
performed according to the following formula: real colocalization = (mea-
sured colocalization — background colocalization)/(1 — background colo-
calization/100). This algorithm takes into account that the contribution of
background colocalization is inversely related to the real colocalization.
For each experimental condition, we analyzed ten individual membrane
sheets. Values are given as mean * SEM.

Immunofluorescence

Before immunostaining of the membrane sheets, all antibodies were di-
luted (anti-syntaxin TA/B 1:50, anti—-SNAP-25 1:100, goat-anti-rabbit-Cy2
1:200, goat-anti-mouse-Cy3 1:200) into PBS (150 mM NaCl, 10 mM
Na,HPO,4, 10 mM NaH,PO,, pH 7.4) containing 1% (wt/vol) BSA, incu-
bated for 45 min at room temperature, and centrifuged for 10 min at
13000 g. Membrane sheets freshly prepared or incubated for 1 h in KGlu-
BSA were incubated for 45 min in KGlu-BSA containing 5 wM BoNT/C.
Samples were fixed for 12 h at 4°C in 4% paraformaldehyde in PBS,
quenched for 20 min in PBS containing 50 mM NH,CI, and washed three
times in PBS for 10 min each. They were then incubated for 40 min with
the primary antibody. Subsequently, sheets were washed two times in PBS
for 10 min each, followed by a 40-min incubation with the secondary anti-
bodies. Membrane sheets were washed two times in PBS for 15 min and
once for 40 min, and then imaged in PBS containing 4% of a TMA-DPH-
saturated PBS solution. For each condition, 21-25 membrane sheets were
analyzed. Values are given as mean * SEM.

Fluorescence microscopy

Membrane sheets were analysed using a Zeiss Axiovert 100 TV fluores-
cence microscope with a 100X 1.4 NA plan achromate objective. For im-
aging, we used a back-illuminated frame transfer CCD camera (2X 512 X
512-EEV chip, 13 X 13 pm pixel size; Princeton Instruments, Inc.) with a
magnifying lens (1.6X Optovar) to avoid spatial undersampling by the
large pixels. GFP-, Cy2-, and Alexa488 fluorescence was detected using
excitation filter BP 480/40, BS 505, and emission filter BP 527/30 (AHF
Analysentechnik AG), for Cy3 and Alexa594 fluorescence excitation filter
BP 565/30, BS 595, and emission BP 645/75 was used (AHF Analysentech-
nik AG). FRET was detected using BP 480/40, BS 505, and emission filter
BP 645/75 blocked against green light (AHF analysentechnik AG). TMA-
DPH fluorescence was detected using Zeiss filter set 02 (excitation filter G
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365, BS 395, and emission LP 420). Images were analysed with Meta-
morph (Universal Imaging Corporation). The images shown in Fig. 1-3
(A-C) and 5 were resampled with double resolution and deconvoluted by
the theoretical point spread function of the microscope. This theoretical
point spread function was calculated numerically, using the wavelength,
aperture and magnification. We employed the nonlinear Richardson-Lucy
deconvolution algorithm (Van Kempen et al., 1997).
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