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ABSTRACT Fusion of secretory granules and synaptic vesicles with the plasma membrane is driven by SNARE protein inter-
actions. Intensive investigations in vitro, which include x-ray crystallography, cryoelectron microscopy, and NMR analyses by
numerous groups, have elucidated structures relevant to the function of these proteins. Although function depends on the pro-
teins being membrane bound, for experimental reasons, most of the studies have used cytosolic domains, as exemplified by the
groundbreaking studies that elucidated the structure of a tetrapeptide helical bundle formed by interaction of the cytosolic do-
mains of syntaxin1A, SNAP25 (two peptides) and synaptobrevin 2. Because the cytosolic fragments were unfettered by mem-
brane attachments, it is likely that the tetrapeptide helical bundle reflects the lowest energy state, such as that found in the ‘‘cis’’
interactions of the SNARE motifs after fusion when they co-localize in the plasma membrane. Much more difficult to study and
still poorly understood are critical ‘‘trans’’ interactions between the synaptic vesicle SNARE protein synaptobrevin 2 and the
plasma membrane syntaxin1A/SNAP25 complex that initiate the fusion event. In a series of articles from the laboratory of Lukas
Tamm, the spontaneous orientation of the SNARE motif of membrane-bound, full-length syntaxin1A with respect to the mem-
brane hosting syntaxin’s transmembrane domain was investigated with nanometer precision under a variety of conditions,
including those that model aspects of the ‘‘trans’’ configuration. The studies rely on fluorescence interference-contrast micro-
scopy, a technique that utilizes the pattern of constructive and destructive interference arising from incoming and reflected exci-
tation and emission light at the surface of a silicon chip that has been layered with oxidized silicon of varying depths. This
Perspective discusses their findings, including the unexpected influence of the degree of lipid unsaturation on the orientation
of the SNARE complex.
Fusion of secretory granules and synaptic vesicles with the
plasma membrane is driven by SNARE protein interactions.
Intensive investigations in vitro, which include x-ray crys-
tallography, cryoelectron microscopy, and NMR analyses
by numerous groups, have elucidated structures relevant to
the function of these proteins. Although function depends
on the proteins being membrane-bound, for experimental
reasons, most of the studies have used cytosolic domains
as exemplified by the groundbreaking study elucidating
the structure of a tetrapeptide helical bundle formed by
the interaction of the cytosolic domains of neuronal syntax-
in1A, SNAP25 (two peptides) and synaptobrevin 2 (1),
hereafter termed ‘‘the complex.’’ Because the cytosolic frag-
ments were unfettered by any membrane attachments, it is
generally accepted that the complex reflects the lowest en-
ergy state, such as that found in the ‘‘cis’’ interactions of
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the SNARE motifs after fusion when they co-localize in
the plasma membrane. Indeed, a more recent x-ray crystal-
lography study using detergent-solubilized syntaxin1A and
synaptobrevin 2 with their transmembrane domains intact
identified the same tetrapeptide helical structure (2). The
study also found that syntaxin1A and synaptobrevin interac-
tions in the ‘‘cis’’ configuration extends through the linker
regions that join the SNARE motifs to the transmembrane
domains, suggesting that the interactions of the SNARE mo-
tifs could exert forces on the bilayer membrane throughout
the critical transition from trans to cis orientations ad-
dressed below. This possibility is consistent with studies
that demonstrated the importance of the linker region of
syntaxin1A (3) and the lumenal (4) and transmembrane do-
mains (5) of synaptobrevin 2 in exocytosis.

Much more difficult to study and still poorly understood
are critical ‘‘trans’’ interactions between the synaptic vesicle
SNARE protein synaptobrevin 2 and the plasma membrane
syntaxin1A/SNAP25 SNARE complex that initiate the
fusion event. The interaction of synaptobrevin 2 with the
acceptor complex (syntaxin1A and SNAP25) is thought to
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begin with interaction of the N-terminal regions of the
SNARE domains (6–8) with subsequent ‘‘zippering’’ toward
the C-termini of the SNAREs. Zippering could provide en-
ergy to do the work of bringing membranes closer (9), pre-
sumably until the force of hydration repulsion of the
phospholipid headgroups is balanced by the force of the
Van der Waals attraction at a trans lipid headgroup separa-
tion of�2 nm (10). However, it is unclear whether zippering
of the domains immediately adjacent to the membrane is
necessary because the zippering force of the membrane-
proximal domains is modest (11,12).

In a series of articles from the laboratory of Lukas Tamm,
the spontaneous orientation of the SNARE motif of mem-
brane-bound syntaxin1A was investigated. The studies rely
on fluorescence interference-contrast microscopy (13), a
technique that utilizes the pattern of constructive and
destructive interference arising from incoming and reflected
excitation and emission light at the surface of a silicon chip
that has been layered with silicon oxide films of varying
depths. The varying intensity serves as a ruler for the dis-
tance from the silicon-silicon oxide interface of a fluoro-
phore that is excited by the light. Fluorescence intensities
are averaged from �500 sets of patterned pixelated depths
on the silicon chip. The technique allows measurement of
the average distance with nanometer precision of a fluoro-
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phore from a supported bilayer that has been deposited on
the chip. Alexa Fluor 546 was covalently linked to amino
acid 192 of syntaxin1A at the N-terminus of the SNARE
motif. The technique demonstrated that the fluorescent
dye-labeled SNARE motif of membrane-bound syntaxin1A
in the absence of other SNARE proteins lies mostly parallel
to the bilayer at a distance of 1–2 nm (14) (Fig. 1 A). The
N-terminus of the SNARE motif of syntaxin1a in the
‘‘acceptor complex,’’ formed in bilayers reconstituted with
syntaxin1a and membrane-bound SNAP25 (dodecylated),
was at a similar distance from the bilayer (Fig. 1 B; (15)).

The ’’cis,’’ ‘‘trans,’’ and Ca2þ/C2AB-activated ‘‘trans’’
SNARE complexes were modeled in supported bilayers us-
ing the same Alexa Fluor 546-labeled syntaxin1A (15).
The ‘‘cis’’ complex was formed in the supported bilayer
with membrane-bound synaptobrevin 2, membrane-bound
syntaxin1A, and soluble SNAP25. Consistent with previous
structural studies (see (1,2)), the N-terminal end of the
SNARE motif of syntaxin1A in complex with the other
SNAREs was �10 nm from the bilayer (Fig. 1 D), further
away than in the preformed acceptor complexwithout synap-
tobrevin 2. A similar result was obtained when membrane-
bound (dodecylated) SNAP25 rather than soluble SNAP25
was used (V. Kiessling, personal communication). The
‘‘trans’’ SNARE complex that is presumed to form before
E

. Membrane-bound syntaxin1Awas labeled with Alexa Fluor 546 at amino

-terminal Habc domain of syntaxin is not shown, although it was present in

o parallel blue lines without showing the linker region. Membrane-bound

ynaptobrevin 2 without the transmembrane domain was used to model the

tagmin1. The possibility that C2AB confers stress to the bilayer when the

correspond to the distances of the fluorophore from the supported bilayer.

the supported bilayer. The 2-nm distance in (A) is from (14). The distances in

etermined with full-length syntaxin1A and dodecylated (membrane-bound)

ithout acyl fatty acids). Similar results were obtained for the cis-SNARE

th syntaxin1A, dodecylated (membrane-bound) SNAP25, and full-length

see this figure in color, go online.



Biophysical Perspective
fusion was modeled by using the cytosolic domain of synap-
tobrevin 2 (without the transmembrane domain). The impor-
tant characteristic of this configuration is that the SNARE
motif of synaptobrevin 2 is not constrained by being in the
same bilayer as the acceptor complex, thereby differentiating
it from the cis SNARE complex. The N-terminus of syntax-
in1A was at an intermediate distance from the bilayer
(�6 nm, Fig. 1 C) compared to the acceptor complex alone
and the cis complex. It should be noted that this configuration
lacks an important characteristic of the actual trans-SNARE
complex, being dually constrained by both fusing mem-
branes. The Ca2þ trigger for exocytosis was modeled by
the addition of Ca2þ and the C2AB domain of synaptotag-
min. Remarkably, the distance of the ‘‘trans’’ domain
SNARE complex increased to 10 nm (similar to that of the
‘‘cis’’ complex, Fig. 1 E). There was little effect of Ca2þ/
C2AB on the ‘‘acceptor’’ complex or the ‘‘cis’’ complex.
This specificity supports the contention that the experiments
model the physiologically relevant SNARE complexes. It is
not known whether this change in distance of the ‘‘trans’’
domain SNARE complex is simply due to the steric hin-
drance caused by protein adhesion onto syntaxin1A or a
bona fide conformational change in syntaxin1A at its mem-
brane attachment region.Whatever the correct interpretation,
the experiments are consistent with the hypothesis that the
Ca2þ-bound C2AB forces the orientation of the trans-
SNARE complex to that resembling the fused (‘‘cis’’) state.

Fusion requires major and complex lipid rearrangements
(16). How do the lipids influence SNARE interactions?
Kiessling et al. (15) investigated the lipid dependencies of
the tilt of the membrane-bound syntaxin1A SNARE motif.
Not surprisingly, the experiments revealed the importance
of negatively charged phospholipids, phosphatidylserine,
and PI-4,5-P2, which enhance the interaction of synaptotag-
min1 with membranes (17). Unexpectedly, the studies iden-
tified an important role for the balance of unsaturated and
saturated fatty acid acyl chains of the phospholipids. The
Ca2þ/C2AB-dependent structural changes were optimal
when the phospholipid acyl chains were mixed: 1-palmi-
toyl-2-oleoyl rather than just dipalmitoyl (saturated acyl
chains, 16:0) or dioleoyl (single double-bond acyl chains,
18:1) phospholipids. In fact, the SNARE arrangement that
modeled the ‘‘trans’’ complex remained parallel to bilayers
that contained only dipalmitoyl phospholipids in the pres-
ence of Ca2þ/C2AB. Lipid unsaturation increases acyl chain
splaying in the bilayer and alters numerous physical param-
eters, including membrane thickness, spontaneous mono-
layer curvature, and compressibility. It is impossible at
this time to tell which of these factors contribute to the
changes in distance measured in these experiments.

The role of bilayer lipids in the orientation of the SNARE
complex is consistent with other studies, suggesting more
than a passive role of lipids in exocytotic fusion. Exocytosis
of sea urchin egg dense core cortical granules show inhibi-
tion by lipids promoting positive monolayer spontaneous
curvature (18). Curvature altering lipids alter the life times
of the early fusion pore in chromaffin cells (19). A direct
role for lipids in SNARE function has also been suggested
in recent study concerning the function of SNAP25 in
exocytosis (20).

A role for lipids in allowing ‘‘trans’’ SNARE interactions
is also suggested based upon geometric considerations. A
perfectly spherical 50-nm diameter synaptic vesicle or a
300-nm diameter secretory granule adherent to a planar
plasma membrane attains a separation distance of greater
than 2 nm (comparable to the tetrahelical SNARE diameter)
only at distances greater than 10 nm or 24 nm, respectively,
from the point of contact. Thus, there would have to be a
deformation at the point of contact of the vesicle/granule
membrane (outward dimpling) or of the plasma membrane
(inward dimpling (21)) to accommodate zippering of the tet-
rahelical bundle at the point of contact.

Kiessling et al. (15) also provide evidence that the struc-
tural changes that they observed are relevant to secretory
granule fusion. The authors used a previously described sys-
tem inwhich fusion of secretory granules isolated fromPC12
cells is reconstituted with supported bilayers (22). The gran-
ules were isolated from cells in which synaptotagmin was
knocked down. The probability of fusion of the secretory
granules with supported bilayers harboring acceptor SNARE
complexes that were used in the structural studies was corre-
lated with the altered tilt of the SNARE complex.

In summary, recent articles from the Tamm laboratory
measured for the first time the orientation of the SNARE
motif of syntaxin1A relative to a bilayer membrane hosting
its transmembrane domain during different states of poly-
peptide interactions relevant to membrane fusion. The nano-
meter resolution required the averaging of many optical
measurements, thereby preventing a fine-grained and time-
dependent analysis of the configurations. Thus, changes in
the average distance of the SNARE motif under the various
experimental conditions may not reflect discrete distances
but rather the time average of different orientations whose
frequency depends upon the details of the complex. Never-
theless, the work is an example of the creative efforts of
numerous laboratories that are leading us to the (still distant)
holy grail of understanding in real time the detailed molec-
ular interactions and structural changes of proteins and
lipids that occur as an individual fusion event unfolds.
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