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Reconstituted Syntaxin1A/SNAP25 Interacts with Negatively Charged
Lipids as Measured by Lateral Diffusion in Planar Supported Bilayers
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ABSTRACT According to the soluble N-ethylmaleimide-sensitive factor (NSF)-attachment protein (SNAP) receptor hypoth-
esis (SNARE hypothesis), interactions between target SNAREs and vesicle SNAREs (t- and v-SNARESs) are required for
membrane fusion in intracellular vesicle transport and exocytosis. The precise role of the SNAREs in tethering, docking, and
fusion is still disputed. Biophysical measurements of SNARE interactions in planar supported membranes could potentially
resolve some of the key questions regarding the mechanism of SNARE-mediated membrane fusion. As a first step toward this
goal, recombinant syntaxin1A/SNAP25 (t-SNARE) was reconstituted into polymer-supported planar lipid bilayers. Reconsti-
tuted t-SNAREs in supported bilayers bound soluble green fluorescent protein/vesicle-associated membrane protein (v-
SNARE), and the SNARE complexes could be specifically dissociated by NSF/a-SNAP in the presence of ATP. The
physiological activities of SNARE complex formation were thus well reproduced in this reconstituted planar model membrane
system. A large fraction (~75%) of the reconstituted t-SNARE was laterally mobile with a lateral diffusion coefficient of 7.5 X
10~° cm?/s in a phosphatidylcholine lipid background. Negatively charged lipids reduced the mobile fraction of the t-SNARE
and the lipids themselves. Phosphatidylinositol-4,5-bisphosphate was more effective than phosphatidylserine in reducing the
lateral mobility of the complexes. A model of how acidic lipid-SNARE interactions might alter lipid fluidity is discussed.

INTRODUCTION

SNARE molecules are central players in membrane fumembranes (t-SNAREs) and SNAREs of the secretory
sion in exocytosis and intracellular vesicle transportvesicle membranes (v-SNARES). The neuronal SNARE
(Stdhof et al., 1989; Bennett et al., 1992]IBer et al., complex forms from the t-SNARE complex consisting of
1993b; Hayashi et al., 1994; Rothman and Wielandsyntaxin1lA and SNAP-25 and the v-SNARE synaptobre-
1996; Hanson et al., 1997; Ungermann et al., 1998; Chagin. When combined in solution, the t- and v-SNARESs
et al., 1999; Jahn and"8hof, 1999; Bimger, 2000). The form a coiled-coil structure of four paralled-helices
SNARE complex, which forms at some stage before,Sutton et al., 1998; Poirier et al., 1998). It has been
during, or after fusion, consists of SNAREs of targetsuggested that this SNARE complex constitutes the min-
imal protein machinery sufficient to mediate fusion of
two lipid bilayers (Weber et al., 1998; Parlati et al.,
Received for publication 14 December 2000 and in final form 2 April 2001.1999). There is also evidence that after (or before) each
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Physiology and Biological Physics and Center for Structural Biology, with «-SNAP (Clary et al., 1990) dissociates the SNARE
University of Virginia Health Sciences Center, P.O. Box 800736, Char-commex in a reaction that requires ATP (Ber et al
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snglycero-3-phosphoethanolamine-PEG3400-triethoxysilane; DOPS, 1,2SNARE association and are thus important at some stage
dioleoyl-sn-glycero-3-[phospha-serine]; DOPC, 1,2-dioleoydnglycero-  of exocytosis. Synaptotagmin is the Tasensor in syn-
3-phosphocholine; FRAP, fluorescence recovery after photobleachingaptic membrane fusion (Brose et al.. 1992 Sutton et al.
GFP, green fluorescent protein; NBD-eggR¥E(7-nitrobenz-2-oxa-1,3- . . ! . '
diazol-4-yl)-egg phosphatidylethanolamine, NBD-RIPL-[6-[(7- 1999). nSecl'blnds Fo syntaxinlA, and its rglease from
nitrobenz-2-oxa-1,3-diazol-4-yl) aminojhexanoyl]-2-hexansyflycero-  that comple_x is required to form the four-helix SNARE
phosphoinositol-4,5-bisphosphate, NBD-PS, 1-palmitoyl-2-[12-[(7- complex (Misura et al., 2000). Rab (small G) proteins are
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PIP,, phosphatidylinositol-4,5-bisphosphate; POPC, 1-palmitoyl-2-oleoyl-31d Brtnger, ). Despite an enormous amount 0
snglycero-3-phosphocholine; RB, reconstitution buffer (25 mM HEPES/ accumulated knowledge on these proteins, which in many
KOH, 100 mM KClI, pH 7.4); SPB, supported planar bilayer; SNAP, cases includes the determination of their structures, the
soluble NSF-attachment protein; SNAP-25, synaptosome-associated prgyrecise sequence of events and which proteins exactly are

tein of 25 kDa; SNARE, SNAP receptor; t-SNARE, target SNARE; - . . . .
TIRFM, total internal reflection fluorescence microscopy; v-SNARE, ves- responsible for tethering, docking, fusion, and recycling

icle SNARE; VAMP, vesicle-associated membrane protein; VAMPh, hy- Of the SNARESs is not Yet known. One 'po'ss.ible approgch
drolytic VAMP. to sort out the respective roles of the individual proteins
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Rothman and co-workers who showed that fusion, albeiMATERIALS AND METHODS
slow, is supported by t- and v-SNARESs alone (Weber etM .
al., 1998: Parlati et al., 1999). aterials

Reconstitution procedures in solution are somewhaExpressed syntaxin1A/SNAP25-igParlati et al., 1999), GFP-VAMP,
limited to address some of the most pertinent question¥AMPh (McNew et al., 1999), which lacks the transmembrane domain,
because tethering, dOCking, and fusion are not eaS“HiSG-NSF-myC (Sdiner et al., 1993a), hisa-SNAP (Whiteheart et al.,

994), and higBoNT D light chain (Glenn and Burgoyne, 1996) were

separated in these assays. Simple rate constants det‘l?f‘n'd gifts of Dr. James Rothman (Memorial Sloan-Kettering Cancer Cen-

mined from in vitro fusion experiments contain only ter). POPC, DOPS, NBD-PS, Pifrom swine brain, and NBD-eggPE
limited information about all the interactions that are were from Avanti Polar Lipids (Alabaster, AL). NBD-PJRvas from
taking place during this complicated process. Here, wedechelon Research Laboratories (Salt Lake City, UT). Alexa Fluor 488

propose to Study the relevant interactions betweeﬁuccinimidyl ester and rabbit anti-Alexa 488 antibody were from Molec-
ular Probes (Eugene, ORB-OG, creatine phosphate, creatine kinase

SNARE (and potentially other) molecules in a planar (rabbit muscle), NEM, and ATP were from Sigma (St. Louis, MO). Quartz
membrane system on solid supports by evanescent wa\des (37 mmx 25 mmx 1 mm) were from Quartz Scientific (Fairport
microscopy or TIRFM. This method is ideally suited to Harbor, OH). DPS (Wagner and Tamm, 2000) was custom-synthesized by
quantitatively measure the binding of soluble or vesicularShearwater Polymers (Huntsville, AL).

ligands to membrane receptors (Kalb et al., 1990). Fusion

can be studied in this system in combination with FRAP ) ) )
measurements (Hinterdorfer et al., 1994) or by monitor--rotaI internal reflection fluorescence microscopy
ing the release of fluorescent tracer molecules by TIRFMrhe TIRFM apparatus, mounted on a vibration-controlled table, was built
(Zenisek et al., 2000; Toomre et al., 2000). In this ap_around a Zeiss Axiovert 35 microscope. Fluorescence from an integrated

proach the receptors of interest are reconstituted intéample area was detected with a photometric accessory and an EMI 9658A
' photomultiplier tube. Fluorescence images were recorded on another port

planar |Ip|d bllayers that are supported on quartz mICI’O'With an EG&G 512X 512 cooled charge-coupled device camera (PARC,

scope slides. Supported membranes have been wideBfinceton, NJ). A specially cut trapezoid quartz prism was mounted to a
used in the past as models for cellular membranes (foPeltier element on the condenser holder and optically coupled with glycerol
reviews see McConnell et al., 1986; Sackmann, 1996)© the top of a quartz slide, which formed the roof of the sample cell. The
Supported |ipid bilayers on solid supports exhibit fuIIy Peltier element was used to regulate the temperature of the sample cell. The

. L. . . home-built perfusable sample cell (Tamm, 1993) had inner dimensions of
mobile |IpIdS in both leaflets of the bllayer (Tamm’ 22 X 30 X 1 mn?. The beam of an Innova 300—8W argon ion laser

1988). Until recently, a concern for the reconstitution of (conerent, Palo Alto, CA) was directed through an AOM-40 acousto-optic
integral membrane proteins into supported lipid bilayersmodulator (IntraAction, Bellwood, IL) and a focusing lens into the prism

was the small £10 A) separation between the bilayer and sample at an angle of 72° from the normal. The greater than critical
and the solid support. This space was not sufficient tdangle of incidence ensured total internal reflection at the lower surface of

- . . . the quartz slide and the creation of an evanescent wave at the ceiling of the
accommodate hydrophilic protein domains on the inner

. ) . . . ~'sample cell. The 1/e penetration depth of the evanescent wave under these
side of the bilayer, and interactions of these domains withyonditions is 90 nm. The acousto-optic modulator was used to regulate the
the hydrophilic solid support inhibited the lateral mobil- beam intensity. A standard 488/515-nm dichroic mirror and emission filter

ity of receptor proteins in the lipid bilayer. To alleviate were used. Fluorescence was collected from the bottom of the cell through

; 40x (0.75 numerical aperture) water immersion objective. Mechanical
some of these problems, we recently devised a strate
P y 9y l3?1utters (Vincent Associates, Rochester, NY) were placed in the excitation

support |ipid bilayers on a tethered pOIymer cushion Ofand emission paths to protect sample and photomultiplier tube from over-
PEG that was inserted between the bilayer and the soligkposure. The laser intensity and mechanical shutters were controlled and
support (Wagner and Tamm, 2000). This strategy al-data were collected with a personal computer and an automated program
lowed us to reconstitute several integra] membrane proUSing Labview (National Instruments, Austin, TX) software.

teins into supported lipid bilayers in a laterally mobile

form. Dynamic membrane processes that require the lat- ) .

eral rearrangement of participating integral membran Iuorescen-t Iabgllng and reconstitution of

proteins can now be studied in these tethered polymert—'SNAREs into liposomes
supported bilayers. Here, we show that t-SNARES can b&yntaxin1A/SNAP-25 (t--SNARE) was stored in small aliquots in 25 mM
functionally reconstituted in supported lipid bilayers in a HEPES/KOH containing 100 mM KCI, 10% glycerol, 1 mM dithiothreitol
form that maintains their normal lateral mobility. We use and 1%pB-0OG at—80°C. t-SNAREs were fluorescently labeled by thawing

L . . an aliquot and reacting the complex with Alexa Fluor 488 succinimidyl
TIRFM and FRAP to study their interactions with ester after adjusting the pH to 8.3 tvit M sodium bicarbonate. Unreacted

v-SNAREs and with membrane lipids. Specifically, We |apel was removed on a Sephadex G-25 spin column equilibrated with 1%
show that reconstituted syntaxinlA/SNAP-25 in sup-g-OG in RB (25 mM HEPES/KOH, 100 mM KClI, pH 7.4). The resulting
ported bilayers reversibly binds VAMP and that the neg-AIexa/protein ratio was 1:3 (mol:mol) as determined by absorbance spec-
atively charged lipids phosphatidylserine and, more ef:f0ScOPY ssi(Alexa 488) = 71,000 M™* cm ) and the Biorad protein
fectively, phosphatidylinositol-4,5-bisphosphate decrease t assay. Alexa-483-labeled t-SNAREs stored'at 4°C were used wnhm 1
e L ; eek. To reconstitute t-SNARES into proteoliposomes, lipids were mixed
lateral mobility of the reconstituted t-SNARES in a concentra-from chloroform stock solutions, dried undes,Nind placed under vacuum

tion-dependent manner. for 30 min. Fluorescent lipid probes were included at this step if desired.
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The dried lipid films were fully solubilized with a volume of 1%OG in SNARE complex formation and dissociation
RB followed by the addition of a volume of syntaxinlA/SNAP-25 to give

a final volume of 100ul and the desired protein:lipid ratio. The mixture Soluble GFP-VAMP (20Qug/ml) was added to supported t-SNARE bi-
was equilibrated at room temperature fioh followed by addition of 200  layers in RB, and the binding was followed by TIRFM as described above.
wul of RB to bring the B-OG concentration below the critical micellar The experiments were carried out at room temperature or at 37°C as
concentration. The mixture was dialyzed for 19 h agalnis of RB at 4°C indicated. The higher temperature was maintained with a Peltier element
with one change of buffer. The lipid:protein ratio of the resulting t-SNARE that was built into the quartz prism holder. After the fluorescence intensity
vesicles was determined by the Biorad protein assay and a modified Amesad reached a constant value, nonspecifically bound GFP-VAMP was
phosphate assay (Ames, 1966) to estimate lipid concentrations. washed away with 10 ml of RB. To measure the dissociation of SNARE
complexes in supported bilayers, they were first treated with 2 ml of a
solution containing 0.12M NSF, 1.4uM «-SNAP, 0.7uM VAMPh, 100
Reconstitution of t-SNARESs into ug/ml creatine kinase, 100 mM creatine phosphate, 1 mM ATP, and 1 mM
polymer-supported bilayers EDTA. After 5-10 min of equilibration, 2 ml of the dissociation solution,
which contained 0.12M NSF, 1.4uM o-SNAP, 0.7uM VAMPhH, 100
Planar bilayers supported on a thethered 3 mol % DPS PEG cushion wergg/ml creatine kinase, 100 mM creatine phosphate, 1 mM ATP, and 3 mM
prepared as previously described (Wagner and Tamm, 2000). To incorpavigCl,, was added. An excess of nonfluorescent VAMPh was included in
rate t-SNARESs into polymer-supported bilayers, monolayers consisting othis solution to replace dissociated GFP-VAMP. The fluorescence changes
97 mol % DOPC and 3 mol % DPS were transferred at 32 mN/m ontowere monitored by TIRFM. After dissociation was complete, the bilayer
quartz slides by the Langmuir-Blodgett technique. Single supported bilaywas washed with 5 ml of RB. In some control experiments, hg0of
ers were then formed by a self-assembly process after flowing 1.1 ml ohis;-BoNT D light chain in 2 ml of RB was added at the end of the
reconstituted t-SNARE vesicles (1M lipid) into the TIRFM measuring  dissociation reaction. No fluorescence was released from the membrane
cell. Lipid vesicles (with or without protein) are known to spread on (or surface in these experiments.
fuse with) the hydrophobic surface of the supported monolayer under these
conditions (Kalb et al., 1992). This method produces a single bilayer
composed of a Langmuir-Blodgett-derived inner monolayer and a proteo-
liposome-derived outer monolayer (Fig. 1). The kinetics of bilayer forma-|_ateral diffusion measurements
tion were followed by TIRFM (Kalb et al., 1990). Aft@ h of equilibration
at room temperature, excess unfused t-SNARE vesicles were flushed out dfateral diffusion of proteins and lipids in supported bilayers was measured
the cell with 5 vol of RB. The t-SNARE-containing lipid bilayers were then by FRAP as described in detail elsewhere (Tamm, 1988; Kalb et al., 1992;
treated by flushing the cell with 5 vol of RB adjusted to pH 5.0, followed Wagner and Tamm, 2000). The same laser fluorescence microscope was
by a 20-min equilibration before returning the pH to 7.4 by flushing with used as for the TIRFM experiments, except that the laser beam was
RB. This pH treatment heals relatively rare defects in supported lipidexpanded and directed into the epi-illumination path. In these experiments,
bilayers (Tamm and McConnell, 1985; Cremer and Boxer, 1999) and was: pattern of parallel stripes with a periodicity of 14 was imaged onto
found here to improve the lateral diffusion measurements in the PEGan ~150-um diameter area of the sample. The integrated fluorescence
supported bilayers. from this area was measured as a function of time and stored in the

FIGURE 1 Preparation of polymer-supported bilay-
ers with incorporated t-SNARESA) A polymer-lipid
monolayer is transferred onto a quartz slide by the | Lipid Monolayer fil] ‘“‘”“““‘““‘“‘”“““““”"“‘”“ u
Langmuir-Blodgett technique.Bj Proteoliposomes | Proteo- Q é .Q
containing t-SNAREs are injected into the chamber liposomes Q Q
under a polymer-supported lipid monolayet) (Pro-

teoliposomes spread spontaneously on the polymer-
supported monolayer. We think that the vesicle that is
under tension during spreading ruptures at some point
to complete the spreading procesB) (A polymer-
supported bilayer with reconstituted t-SNAREs after
excess proteoliposomes have been flushed out of the
measuring cell. The figures i@ andD are inverted
relative to their actual orientation on the microscope.
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computer. The fluorescence recovery curves recorded afterl@0-ms ~ homogeneously distributed in this preparation. Because we

bleach pulse were fit to the equation: used a NA= 0.75 objective, inhomogeneities (or defects)
F(t) = F.. + (F, — F.)exp(~D, a2), (1) larger thap~300 nm [Q/(2 X NA)] would have been
observed if they were present.
whereD, is the lateral diffusion coefficieng = 2/(stripe period), ané, SyntaxinlA contains a single transmembrane domain at

a_md F.. are the fluorescence intensitigs immediately after and a very Ionqts very C-terminus. SNAP-25 forms a coiled-coil complex
time after the bleach pulse, respectively. In pattern photobleaching, the . . . .
mobile fraction in percent is defined as with the cytoplasmic domain of synta>_<|n1A. SNAP-25 has_
no transmembrane sequence, but it binds to membranes via
MF = [(F — Fo)/(Fpe — Fo)] X 200, (2) several Cys-linked palmitoyl chains. To demonstrate that
most t-SNARESs were reconstituted with their cytoplasmic
domains facing outwards, i.e., away from the polymer and
quartz slide, we used a fluorescence-quenching anti-Alexa
RESULTS AND DISCUSSION 488 antibody. In 19%3-OG buffer solution, this antibody
quenched up to 87% of the fluorescence of Alexa-488-
labeled t-SNAREs (at a fivefold excess of antibody:t-
SNARE by weight; data not shown). When g@/ml of this
We prepared planar lipid bilayers containing t-SNAREs onantibody was added to Alexa-labeled t-SNAREs in poly-
a polymer support as depicted in Fig. 1. We showed previmer-supported bilayers they quenched 74% of the initial
ously that our combined Langmuir-Blodgett/self-assemblyfluorescence (Fig. 3). Therefore, we conclude that at least
method leads to single planar lipid bilayers that are contin85% of the t-SNAREs were reconstituted right side out as
uous, relatively defect free at the level of resolution of adepicted in Fig. 1D.
light microscope, and fluid with respect to lipid diffusionin ~ We next measured lateral diffusion of the t-SNAREs in
both leaflets of the lipid bilayer (Wagner and Tamm, 2000).the polymer-supported bilayer by FRAP (filled circles in
In our earlier work, we also demonstrated that two mem-ig. 4). These FRAP curves obtained at a lipid:protein ratio
brane proteins, cytochrome, land annexin V, were rela- of 500:1 in a DOPC:DPS (97:3)/POPC bilayer could be
tively free to diffuse laterally in polymer-supported bilay- fitted to a single exponential (Eq. 1), indicating a single
ers, but not in bilayers that were directly supported onmobile component. The lateral diffusion coefficient aver-
quartz microscope slides. The polymer, a 3400-Da PEGaged from this and several other curves that were obtained
was chosen because it shows minimal interactions withunder identical conditions was 7:51.0 X 10 ° cm#/s, and
proteins, lipids, and quartz and because it behaves like the mobile fraction (Eq. 2) was 7& 3% (Table 1). For
nearly ideal random polymer in aqueous buffers. To stabicomparison, the fluorescent lipid analog NBD-eggPE in-
lize the supported bilayers, we covalently tethered the lineacluded in the outer monolayer diffused at :01.5 X 10 °
polymer to the quartz support at one end and to 3 mol % ofn?/s with a mobile fraction of 79 2% (open squares in
the lipids in the bilayer at the other end. To visualize theFig. 4; Table 1). Table 1 lists more lateral diffusion data of
incorporation of t-SNARESs into supported bilayers, theNBD-eggPE and Alexa-t-SNARE under different condi-
proteins were labeled with Alexa 488 at a ratio of 1-3tions. Decreasing the protein concentration to 1000:1 lipid:
fluorophores per 60-kD complex. Alexa 488 was chosen agrotein leaves the lateral diffusion coefficient of NBD-
a fluorophore because its fluorescence is high and insenseggPE unchanged at 6:50.5 X 10~ ° cm/s and increases
tive to pH changes and because it is more photostable thats mobile fraction slightly to 88 2%. The lateral diffusion
fluorescein. The top right panel of Fig. 2 shows an epi-coefficient of the t-SNAREs decreased slightly to 5:0
fluorescence micrograph of a reconstituted planar bilayer o1.0 x 10 ° cnm?/s, and the mobile fraction decreased to
POPC on a tethered PEG3400 support containingl4 = 7% when the protein concentration was increased to
t-SNARES that were reconstituted at a molar ratio of 400:1400:1 lipid:protein. This smaller fraction may be related to
lipid:protein. At first sight, the fluorescence appears quitethe more speckled appearance of these bilayers in Fig. 2 and
uniform over the entire viewing area, indicating a continu-the formation of some t-SNARE clusters under these con-
ous single bilayer membrane with no visible defects. Uporditions. When the bilayers were supported directly on
closer inspection, some speckling is observed, which indiquartz, slightly larger diffusion coefficients and mobile
cates that the distribution of the t-SNARES in the plane offractions were observed for the lipids and proteins at all
the membrane is not completely homogeneous. Some, bgrotein concentrations (Table 1). Somewhat surprisingly
not all, t-SNAREs may aggregate into clusters at this lipid:and in contrast to cytochrome br annexin V (Wagner and
protein ratio (see below). When in a similarly preparedTamm, 2000), the t-SNAREs were mobile in these bilayers
400:1 POPC:t-SNARE bilayer the lipid moiety was labeledas well. A plausible explanation for this observation is that
with 2 mol % NBD-eggPE, the fluorescence distribution syntaxin1lA ends with the hydrophobic transmembrane do-
was completely uniform at the resolution of the light mi- main at its C-terminus (Bennett et al., 1992). However,
croscope (Fig. 2, top left panel). Therefore, the lipids appeaalthough the t-SNAREs diffuse freely in quartz-supported

whereF, is the fluorescence intensity before the bleach pulse.

Reconstituted t-SNAREs are laterally mobile in
polymer-supported bilayers
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3% DPS Tether
(L/P 400)

NBD-eggPE Alexa-tSNARE

POPC only

FIGURE 2 Epifluorescence micrographs of t-

SNAREs in a PEG-supported bilayer. All bilay-

ers were composed of DOPC:DPS (97:3) in the

bottom leaflet and POPC and, where indicated,

15 mol % DOPS or 5 mol % PIPin the top

leaflet. They all contained syntaxin 1A/SNAP-25

at a lipid:protein ratio of 400:1. The bilayers were  159%, DOPS
labeled with 2 mol % of the lipid probe NBD-

eggPE left column) or Alexa 488 that was bound

to the t-SNARESs. The bar is 25m.

5% PIP,

bilayers, we believe that bilayers that are supported on sottSNARE bilayers that were formed from POPC and t-
polymer cushions are more plastic and perhaps better phySNARES at a lipid:protein ratio of 400:1 (Fig. 5). However,

iological membrane models than bilayers on hard supportsome of this protein was bound nonspecifically. About 45%
especially for future studies of membrane fusion in thisof the GFP-VAMP was removed when the bilayer was
system. Therefore, most of our subsequent experimentwashed with RB, but approximately 55% appears to be
were carried out with the PEG-supported bilayers. specifically bound to the t-SNARE bilayer (Fig. 5).

Reconstituted t-SNAREs bind soluble v-SNAREs SNARE complexes in supported bilayers are

We wanted to know whether the reconstituted t-SNAREsd'ssoc'ated by NSF/a-SNAP

(syntaxinlA/SNAP-25) were able to bind the cognate v-NSF anda-SNAP are known to dissociate SNARE com-
SNAREs (VAMP) in our model system. This was testedplexes in a reaction that requires ATP. To prove that the
with a GFP-labeled soluble VAMP construct. In this fusion remaining GFP-VAMP was bound in a specific complex
protein the GFP was fused to the N-terminus, i.e., thewith the t-SNARES, we treated the reconstituted complexes
membrane-distal end of VAMP. We again used TIRFM towith NSF/-SNAP in the presence and absence of ATP. In
follow the binding of soluble GFP-VAMP to PEG-sup- the experiment of Fig. 5, a solution containing NSF,
ported and quartz-supported t-SNARE bilayers. GFP-«w-SNAP, VAMPh, creatine kinase, creatine phosphate,
VAMP bound rapidly and up to high levels to reconstituted ATP, and EDTA was added at 43 min. NSF requires Mg-
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FIGURE 3 Binding of an anti-Alexa-488 antibody to Alexa-488-labeled FiGURE 4 Lateral diffusion of lipid and t-SNARE in a PEG-supported

-SNAREs in a PEG-supported bilayer consisting of POPC at a lipid: yjjayer. Unlabeled or Alexa-488-labeled syntaxin1A/SNAP25 were recon-
protein ratio of 400:1. The quenching of the Alexa 488 fluorescence is,

A stituted into supported bilayers at a lipid:protein ratio of 500:1.Fluo-
measured by TIRFM at room temperature. The extent of quenching (74%)sscence recovery of 2 mol % NBD-eggPE in the outer monolayer of
shows that most fluorophores are accessible to the antibody and therefog%pported bilayers consisting of DOPC:DPS (97:3)/POPC containing un-
that most t-SNAREs (85%) are oriented right side out, i.e., with their|5pejed syntaxinlA/SNAP25. The diffusion coefficient and mobile fraction
cytoplasmic domains as shown in FigDl derived from a single exponential fit (—) were 6:510 ° cn?/s and
82%, respectively®, Fluorescence recovery of Alexa-labeled syntaxin1A/
SNAP25 reconstituted into a supported bilayer consisting of DOPC:
DPS(97:3)/POPC. The diffusion coefficient and mobile fraction derived
ATP to dissociate SNARE complexes. Our complexesrom a single exponential fit (— — —) were 8:0 107° cn?/s and 77%,

remained stable following this treatment because’Mg respectively.

was chelated with EDTA. However, when at 52 min

EDTA was replaced with M§" and all other ingredients

were kept the same, GFP-VAMP dissociated from thephosphatidylserine restricts the lateral diffusion
SNARE complexes as detected by a loss of fluorescencgf t-SNAREs

intensity from the surface. Dissociation continued for _ )

~40 min. A total of~50—60% of the SNARE complexes Cell membranes contairn15% of the negatively charged

dissociated in this reaction. Adding another equal aliquoi'p'fj phosphapdylserlne in their cytoplasmic Ieaflet_s,
of the dissociation solution did not result in any fur'[herWhICh topologically correspond to the outer Iegflets_ln
loss of fluorescence from the membrane surface (data nc?[u.rd mod_el system. T(.) a|p|(ajr0datl:3h Ii m_oreh physmlolglc%al
shown). This demonstrates that maximaty0% of all Ipid environment, we inclu © OPS in t c ogter ear
t-SNARE complexes can be dissociated by NSBNAP lets of the PEG-supported bilayer and stud_le_d |ts_ effects
. L . . on the lateral mobility of t-SNAREs and lipids in the
in our system, which is consistent with analogous resu“sreconstituted membranes. When DOPS was included at
In a reconst!tuted vesicle system (T. Melia, Memor_'alincreasing mole percentages (X) into a bilayer consisting
Sloan-Kettering Cancer Center, personal communicags hopc:pps (97:3)/POPC:DOPS(100-X:X), the mobile
tion). The reason the remaining 45% appear to form &ractions of both the NBD-eggPE lipid probe and Alexa-
super-tight complex that cannot be dissociated by NSFt-SNARE decreased (Fig. 6). At 15 mol % DOPS, i.e., the
a-SNAP, and ATP when reconstituted into vesicles or inpighest concentration that was tested, the mobile frac-
planar supported bilayers is not presently known. Addi-jons were reduced te-50% of what they were in the
tion of Mg*'-ATP to GFP-VAMP/t-SNARE complexes apsence of DOPS. The diffusion coefficients were also
in supported bilayers without NS&/SNAP did not cause  gjightly decreased (see legend to Fig. 6), but this effect is
dissociation of the complex (data not shown). In a sepsmall on the scale of typical lateral diffusion coefficients,
arate set of control experiments, we attempted to cleavghich can change by at least two orders of magnitude in
the specifically bound GFP-VAMP with BoNT D. Resis- pjological membranes (see Saxton and Jacobson, 1997,
tance to cleavage by BoNT D is the hallmark of SNARE for a recent review). However, the reduction in mobile
complex formation (Hayashi et al., 1994). No fluores-fractions is significant and indicates that some parts of
cence was released by treatment of the bilayers withhe membrane become immobilized by DOPS. This is
BoNT D (data not shown) indicating that 100% of the unlikely due to electrostatic interactions with the quartz
t-SNARE/V-SNARE complex that was formed was partsupport because we observe similar results at pH 5 and
of the canonical 4-helix SNARE complex. These exper-pH 7.4, i.e., below and above the pkf free silanol
iments were carried out at room temperature and 37°Cgroups on the surface of silicates (Burns et al., 1995).
The results were the same at both temperatures. PEG has no charged groups that could participate in
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TABLE 1

Lateral mobility of lipids and t-SNAREs in PEG and quartz-supported lipid bilayers

Wagner and Tamm

Label L:P ratio n Diffusion coefficient (< 10 ° cm?/s) Mobile fraction (%)
PEG-supported*

NBD-eggPE B8 7 10.0+ 1.0 92+ 7
1000:1 5 6.5+ 0.5 88+ 2
400:1 5 6.0+ 1.5 79+ 2
Alexa t-SNARE 1000:1 6.5 0.5 57+ 2
500:1 5 7.5+ 1.0 78+ 3
400:1 5 5.0+ 1.0 44+ 7

Quartz-supporteld
NBD-eggPE oo 5 13.0+ 1.0 85+ 1
1000:1 5 14.5- 2.5 79+ 5
400:1 5 11.0= 4.0 75+ 3
Alexa t-SNARE 1000:1 9.5 1.5 68+ 3
500:1 5 9.0+ 1.0 83+t 2
400:1 5 8.0+ 1.0 62+ 4

n, number of experiments

*The bilayer consisted of DOPC:DPS (97:3) in the inner leaflet and POPC in the outer leaflet.
"The bilayer consisted of POPC in both leaflets.

*Data from Wagner and Tamm (2000).
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Unlabeled or Alexa-488-labeled syntaxinlA/SNAP25 were reconstituted
FIGURE 5 Binding and dissociation of GFP-VAMP with reconstituted into supported bilayers containing increasing concentrations of DOPS at a
t-SNARE bilayers and detected via TIRFM. A PEG-supported POPCiipid:protein ratio of 400:10, 2 mol % NBD-eggPE in the outer mono-
bilayer containing t-SNAREs at a lipid:protein ratio of 400:1 was treated|ayer of a pure POPC lipid bilayer directly supported on quartz in the
with 0.2 mg/ml GFP-VAMP in RB 4); RB (B); temperature raise from  apsence of protein®, 2 mol % NBD-eggPE in the outer monolayer of
room temperature to 37°@f; NSF, «-SNAP, VAMPHh, creatine kinase,  supported bilayers consisting of DOPC:DPS(97:3)/POPC:DOPS(100-X:X)
creatine phosphate, and EDTR), and NSF.a-SNAP, VAMPHh, creatine  containing unlabeled syntaxinlA/SNAP25. The diffusion coefficient of
kinase, creatine phosphate, and MJE); and RB €). In six different  NBD-eggPE decreases to (4200.5) X 10~° cé/s at 15 mol % DOPS).
experiments, 50—60% of the specifically bound GFP-VAMP is typically 4, Alexa-labeled syntaxinl1A/SNAP25 reconstituted into a supported bi-
dissociated by NSBASNAP and Mg*-ATP in phase E. layer consisting of DOPC:DPS(97:3.)/POPC:DOPS(100-X:X). The bars

represent standard errors from 5-10 FRAP experiments of the same bi-

layer. The diffusion coefficient of Alexa-labeled t-SNARE remains ap-
electrostatic interactions. The speckled appearance of th@oximately unchanged at (5:5 4.0) X 10~° cn/s at 15 mol % DOPS.
fluorescence distribution in bilayers that contained DOPS
up to 15 mol % was similar to that in t-SNARE bilayers
that were formed from DOPC and POPC only (Fig. 2). Amains, most of the corresponding domains must be
few brighter spots were also seen when the t-SNARE&maller than~300 nm in diameter or the contrast and
POPC/DOPS bilayers were labeled with NBD-eggPEpartitioning of the probes is insufficient to visualize such
(Fig. 2). When NBD-PS instead of NBD-eggPE was useddomains. The lateral diffusion coefficient and the mobile
as a fluorescent lipid probe, very similar images werefraction of NBD-PS were also similar to those of NBD-
obtained (data not shown). However, the few bright spoteggPE in otherwise identical bilayers. For example, the
cannot account for the entire immobile membrane fracimobile fraction of NBD-PS in a t-SNARE-containing
tions. Therefore, if these fractions represent lipid do-bilayer was 52+ 11% at 15 mol % DOPS compared with
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57 = 2% of NBD-eggPE in an otherwise identical bilayer
(Table 2). Therefore, selective interactions between ei-
ther of these lipid probes (both are negatively charged)
and t-SNAREs do not seem to exist.

PIP, is more effective in restricting t-SNARE
diffusion than phosphatidylserine

% Mobiie Fraction

PIP, is a lipid of the cytoplasmic leaflet of cell membranes
that is important in many cell signaling events including Okt | ! ! I
some that lead to membrane fusion and secretion (Martin, o 1+ 2 3 4 5
1997). PIR bears three negative charges on its polar head- mol percent PIP,
group. We wanted to know whether Blihteracted with
t-SNARES in the PEG-supported bilayers in a similar WayFIIGURE 7 Mobi]e fract-ions of‘Iipid and t—SNAREs in a PEG-supported
as did DOPS. Therefore, we measured the lateral diffusioﬁ”ayer as a function of increasing concentrations of_zPlB’nI_abeIed or

S L lexa-488-labeled syntaxinlA/SNAP25 were reconstituted into supported
of Alexa-labeled t-SNAREs and lipids in bilayers consisting bilayers containing increasing concentrations of Rifa lipid:protein ratio
of DOPC:DPS (97:3)/POPC:PJR00-X:X) with X ranging  of 400:1.0, 2 mol % NBD-eggPE in the outer monolayer of a pure POPC
from 0 to 5 mol %. We again observed a large reduction inipid bilayer directly supported on quartz in the absence of protein;
mobile fractions of the lipids and t-SNARES in these bilay- ‘(;nZSi?ti?]' @E‘g?f%f;;?g}fp‘éﬁeé 'ITio(iln(())(l)a;l(?;()O:: ;l:tr;?girrt]edut:]illzyers
O e e O o oG 25€ e syntaxinASNAPZS. Th difusion cosficent of NBD-eggPE

. " decreases to (2.6 1.0) X 10 ° cm?/s at 5 mol % PIR. A, Alexa-

end). The reduction in mobile fraction occurred at lower|apeled syntax(inlA/SN,)APZS reconstituted intoasuppgrted bilayer con-
concentrations of Pithan DOPS, even if plotted at equiv- sisting of DOPC:DPS(97:3)/POPC:R[R00-X:X). The bars represent
alent charge densities (i.e., 3 DOPS are equivalent to 1t_and‘ard errors from 5-10 FRAP experiments of the same bilayer. The
PIP,). In addition, the interaction of PiRwith t-SNARES dlffusllon cohefflme;t of the Alexa-llab_egedmg-/SNARE rTr:;aLr:Is approxi-
led to larger immobilized membrane fractions than thematey unchanged at (3.5 3.5) x 10°= cfs at 5 mol % P12
interaction with DOPS. As with DOPS we observed some,
but not major lateral inhomogeneities of the fluorescenc&ABLE 3 Effects of PIP, on the lateral mobility of lipid
distribution when these bilayers were labeled with NBD-in SPB with and without t-SNARE complex on PEG-supported

eggPE or Alexa 488 (Fig. 2). The mobile fraction of NBD- Pilaver

PIP, was low (20-30%) in PEG-supported bilayers irre- Lipid only Syntaxin1A/SNAP25
spective of the presence of t-SNARES (Table 3). The reason Total PIR, D (X 10°° D (x 10°°
for the low lateral mobility of PIRin pure lipid bilayers is Diffusing probe (mol %)  cn?/s) MF (%) cnéls)  MF (%)
not clear at the present time and requires further investiga- 0 120+ 15 90+3 11.0+ 05 75+ 3
tion. To our knowledge, the lateral diffusion of BIRas not 29, NBD-eggPE 1 5505 82+3 50+10 55+ 3
been measured before in model systems or cell membranes. 5 6.0+ 05 82+3 25+05 46+ 4
It is interesting that the mobile fraction of the t-SNARES in 1% NBD-PIR, 1 120+£20 21+2 2.0+05 26*+5
5 85+ 15 23+3 15x05 26+5

the PIR-containing membranes is as low as that of PIP
itself (compare Fig. 7 and Table 3), which raises the possib. lateral diffusion coefficient; MF, mobile fraction.
bility that the t-SNAREs become sequestered into partially

immobilized PIB membrane domains.

To further investigate the specificity of PHPversus
DOPS-t-SNARE interactions, we systematically increased

TABLE 2 Effects of DOPS on the lateral mobility of lipid the protein:lipid ratio in the supported bilayers at a constant
in SPB with and without t-SNARE complex PEG-supported level of included negatively charged lipids, i.e., 15 mol %
bilayer DOPS or 5 mol % PIR respectively (Fig. 8), and 2 mol %
Lipid only SyntaxinlA/SNAP25 ~ NBD-eggPE was used as a probe in these lateral diffusion
Total DOPSD (X 10-° D (x 10°° experiments. The results show that increasing concentra-

Diffusing probe  (mol %) cnils)  MF (%) cn?ls)  MF (%) tions of t-SNARES progressively immobilize the membrane
lipids if either of the negatively charged lipids is included in

0 12.0= 1.5 90+ 3 11.0=0.5 75=3

206 NBD-eggPE 5 5005 91+5 85+25 55+ 6 the bilayer. AlImost no immobilization is observed as a
15 40+05 91+3 3.0+ 05 57+ 2 function of protein concentration in uncharged DOPC:DPS
1% NBD-PS 5 8.0- 1.5 90+4 4.0+05 66+ 2 (97:3)/POPC bilayers (open circles in Fig. 8). When com-
15 8.5£10 94x3 3.0x15 52x11  pared at equal protein concentrations and lipid charge den-
D, lateral diffusion coefficient; MF, mobile fraction. sities in the bilayer, PIfis again more effective in restrict-
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1000 lateral mobility of the general lipid probe NBD-eggPE.
Whether PIR and t-SNAREs form membrane domains sim-
ilar to the cholesterol-rich lipid rafts that accumulate, among

S 8o 3 other proteins, GPI-linked and doubly acylated membrane
‘g proteins (Brown and London, 1998; Simons and Toomre,
r 60r 2000) is not yet known, but will be an interesting question
2 to pursue in future studies.
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