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ABSTRACT SNARE complexes have been shown to act cooperatively to enable the synaptic vesicle fusion in neuronal trans-
mission at millisecond timescale. It has previously been suggested that the oligomerization of SNARE complexes required for
cooperative action in fusion is mediated by interactions between transmembrane domains (TMDs). We study the oligomerization
of synaptobrevin TMD using ensembles of molecular dynamics (MD) simulations at coarse-grained resolution for both the wild-
type (WT) and selected mutants. Trimerization and tetramerization of the sybll WT and mutants displayed distinct kinetics de-
pending both on the rate of dimerization and the availability of alternative binding interfaces. Interestingly, the tetramerization
kinetics and propensity for the sybll W89A-W90A mutant was significantly increased as compared with the WT; the tryptophans
in WT sybll impose sterical restraints on oligomer packing, thereby maintaining an appropriate plasticity and accessibility of sybll
to the binding of its cognate SNARE partners during membrane fusion. Higher-order oligomeric models (ranging from pentamer
to octamer), built by incremental addition of peptides to smaller oligomers, revealed substantial stability and high compactness.

These larger sybll oligomers may induce membrane deformation, thereby possibly facilitating fast fusion exocytosis.

INTRODUCTION

Intracellular membrane fusion events in eukaryotic cells
such as cell growth and neurotransmitter release are medi-
ated by a conserved family of proteins called SNARES (sol-
uble N-ethylmaleimid-sensitive factor (NSF) attachment
protein receptors) consisting of syntaxin and SNAP-25 on
the plasma membrane and synaptobrevin-2 (sybll) on syn-
aptic vesicles (1-3). These three proteins zipper up in a
directional way from the N-terminus toward the C terminus
by their respective SNARE motifs to form a parallel four-
helix bundle upon SNARE assembly (4,5). This progressive
pairing brings the opposing membranes into proximity and
initializes fusion, leading to the formation of a cis-SNARE
complex accompanying the final membrane merger (6). It is
becoming widely accepted that multiple SNARE complexes
are essential for efficient fusion (7—10). However, the exact
number of SNARE complexes required for membrane
fusion as well as the spatial organization of multiple com-
plexes at the fusion site remain unclear.

Different approaches have been used to investigate the
number of SNARE complexes involved in the fusion pro-
cess, leading to different estimates ranging from one to

Submitted December 30, 2015, and accepted for publication April 6, 2016.
*Correspondence: rainer.boeckmann@fau.de

Editor: Emad Tajkhorshid

http://dx.doi.org/10.1016/j.bpj.2016.04.006

© 2016 Biophysical Society.

2004 Biophysical Journal 170, 2004—2015, May 10, 2016

fifteen complexes (8,9,11-15). For example, experiments
in cracked PCI12 cells revealed that at least three SNARE
complexes act cooperatively to mediate fusion (15). Another
model proposed that a minimum of four complexes are
essential for fusion, based on atomic force microscopy
(AFM) measurements of the interaction force between
SNARE proteins (16). The SNARE complex isolated from
brain tissue was observed to self-assemble into star-shaped
bundles containing three to four complexes (17). In another
study, a correlation between the fusion efficiency and the
SNARE density was established, suggesting that five to
eleven SNARE complexes are required for rapid fusion
(18). Amperometry and conductance measurements on the
native SNARE proteins and their TMD mutants proposed
a circular arrangement of five to eight syntaxins forming a
proteinaceous fusion pore (13), which is suggested to be
complemented by a similar proteinaceous vesicular pore
formed by six to eight synaptobrevins, resulting in a direct
connection between the plasma and vesicle membranes
(19). This variation in the number of SNARE complexes
required in fusion reactions may reflect a certain plasticity
of SNARE proteins, which would allow assembly of
SNARE oligomers in a controllable manner dependent on
the vesicle size or local physiological conditions (9,10,20).

The formation of homooligomers of SNARE proteins in
the prefusion state has been shown to be mediated by the
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interaction between their transmembrane domains (21-24).
These oligomers increase the local concentration of SNARE
proteins leading to the formation of multiple SNARE
complexes at the fusion site (25,26). Such clusters of
SNARE complexes are thought to enable a cooperative ac-
tion in fusion to provide sufficient energy for rapid fusion
(10,12). Alternatively, SNARE TMD oligomers containing
at least five SNARE proteins were proposed to form a pro-
teinaceous fusion pore (13,19). Thus exploring the mecha-
nism of SNARE TMD assembly into oligomers and their
structure is fundamentally crucial to enhance our under-
standing of the cooperative action of multiple SNARE com-
plexes in triggering rapid exocytosis fusion and to deduce a
possible mechanism of their concerted action.

Crystal structures of SNARE oligomers are extremely
difficult to resolve because of their dynamic properties
and probably differing oligomer sizes (24,27-29). Computa-
tional approaches may assist in exploring the structure and
dynamics of both membrane protein assemblies (30-33)
and also of soluble oligomers (34). Recently, the dimeriza-
tion process and different dimer configurations of the synap-
tobrevin TMD were predicted using a multiscale simulation
approach (33). Dimer structures as well as interfacial resi-
dues were shown to be in very good agreement with
available experimental and computational data (24,33,35).
Moreover, alternative binding interfaces were discovered
and suggested to be required for the oligomerization of sybIl
TMD (33).

In this study, we investigated the oligomerization of the
sybll transmembrane domain and of selected mutants using
ensembles of molecular dynamics (MD) simulations at
coarse-grained (CG) resolution. Trimer and tetramer config-
urations obtained from spontaneous oligomerization simu-
lations set the structural basis for the construction of
higher-order oligomers. Compact oligomers were found to
be favored over linear aggregates. The preferred configura-
tion with Leu”, Cys'®®, Leu'"”’, and Tle'"'" at the helix-helix
interface is in strong contrast to a recent model based on
conductance measurements reporting Leu”” and Cys'® as
well as Val'®! and I1e'® to line the fusion pore (19). The
latter two amino acids are suggested here to form part of
the outer surface of the sybll TMD bundle, providing a
possible interaction site for further sybll peptides as well
as for the cognate SNARE partner syntaxin upon cis-
SNARE complex formation.

MATERIALS AND METHODS

To investigate the underlying mechanisms for spatial organization of
SNARE oligomers, self-assembly sybIl TM trimerization and tetrameriza-
tion were studied at CG resolution from self-assembly simulations using
large ensembles of simulations. Larger oligomers comprising five to eight
TMDs were predicted based on self-assembled tetramer configurations
following a specific “propagation” pattern detailed below.

TMD sequences of sybll and selected mutants with different effects on
membrane fusion were used in the study of sybll oligomerization, i.e.,
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the wild-type (WT), a WWAA mutant (exhibiting altered priming but pos-
sessing the same fusion efficiency as the WT (36)), and a PolyL mutant
(showing reduced fusion activity (37)), see Table 1. Spontaneous trimeriza-
tion was studied based on large ensembles (~500) of CG-MD simulations
(5 us each) for the sybll WT, WWAA, and PolyL mutants. Tetramerization
analysis was restricted to the WT and the WWAA mutant, using again large
ensembles (~500 of 5 us each).

CG systems for trimerization and tetramerization studies were prepared
according to the procedure described in our previous work (33). The sys-
tems for the trimerization study contained =160 lipids, =1100 water
beads, and three copies of TM helices (WT, WWAA, or PolyL). Systems
for tetramerization consisted accordingly of =220 lipids, =~ 1420 water
beads, and 4 copies of helical peptides (WT or WWAA). A summary of
the simulation systems studied is given in Table 2. All CG simulations
were performed using the GROMACS software package, version 4.5.2
(38), together with the Martini force field (39,40) and the standard Martini
water model. An NpT ensemble was employed to carry out the production
simulations of length 5 us each. A time step of 20 fs was used and trajec-
tories were recorded every 500 ps. The temperature was weakly coupled us-
ing the Bussi velocity rescale algorithm (41) at 310 K, with a coupling
constant of 1.0 ps. The system pressure was coupled semi-isotropically us-
ing the Berendsen algorithm (42) at 1 bar, with a coupling time of 3.0 ps and
a compressibility of 3.0 x 107* bar~'. Electrostatic interactions were
smoothly shifted to zero between 0 and 1.2 nm with a relative dielectric
constant of 15, and the Lennard-Jones interactions were shifted to zero be-
tween 0.9 and 1.2 nm. The nonbonded neighbor lists were updated every
10 steps. The total simulation times for trimer and tetramer formation
were ~2.5 ms in total for each setup, which corresponds to effective
time of =10 ms (scaled by a factor of 4 (39)).

Due to the significant increase in simulation time required to form
higher-order oligomers using self-assembly simulations, larger oligomers
were built manually using the tetramer configuration as a starting point:
to find the energetically most favorable model, a library of dimer structures
with lowest energy was used as a repository (taken from (33)). To build up a
pentamer model, one helix from a dimer structure was fitted to a helix of a
tetramer configuration with an available free binding interface (i.e., a pe-
ripheric helix). The resulting oligomer models were then screened to
exclude conformations with van der Waals overlaps. Higher-order oligo-
mers were built in a similar way, on the basis of oligomers that are smaller
by one molecule. In this way, oligomers containing five to eight helices
were built up in a stepwise manner by adding one peptide via least-square
fitting of a dimer structure to the peripheric peptide of an oligomer with one
helix less. The obtained oligomeric structures of sybll with varying size
were subsequently minimized in vacuum, and solvated by Martini POPC
lipids and water molecules using the insane scheme (43,44). The resulting
systems were energy-minimized, equilibrated, and subjected to production
MD simulations of 5 us each at CG resolution.

Backmapping of equilibrated compact trimer and tetramer structures at
CG resolution to atomistic resolution (45) enabled subsequent structural
analysis using atomistic MD simulations. The obtained atomistic structures
including protein, membrane, and solvent were energy minimized for 500
steps and equilibrated for 2 ns restraining the protein backbone atoms.
The production atomistic simulations were carried out for 200 ns each using
the GROMACS package, version 4.5.2 (38), with the CHARMM36 force
field (46,47) and the CHARMM variant of the TIP3P water model (48).
The long-range electrostatic interactions were treated using the particle

TABLE 1 Amino-Acids Sequences of Sybll TMD WT, WWAA,
and PolyL Mutants

Peptides Sequences

WT 85-KRKYWWKNLKMMIILGVICAIILIIIIVYFST-116
WWAA 85-KRKYAAKNLKMMIILGVICAIILIIIVYFST-116
PolyL 85-KRKYWWKNLKMMLLLLLLLLLLLLLLLLYFST-116

Mutation sites are underlined.
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TABLE 2 Summary of Performed Simulations for Sybll TMD
Oligomerization

Simulation Peptide Conformation Duration (us)

CG Simulations

WT-trimer 3 monomers 518 x5
WWAA-trimer 3 monomers 487 x 5
PolyL-trimer 3 monomers 520 x 5
WT-tetramer 4 monomers 517 x 5
WWAA-tetramer 4 monomers 492 x 5
WT-pentamer 1 pentamer 5
WT-hexamer 1 hexamer 5
WT-heptamer 1 heptamer 5
WT-octamer 1 octamer 5
AA Simulations

WT-trimer 1 compact trimer 0.3
WT-trimer 1 linear trimer 0.3
WWAA-trimer 1 compact trimer 0.2
WWAA-trimer 1 linear trimer 0.2
PolyL-trimer 1 compact trimer 0.2
PolyL-trimer 1 linear trimer 0.2
WT-tetramer 1 tetramer 0.2
WWAA-tetramer 1 tetramer 0.2

mesh Ewald method (49) beyond 1.2 nm. The van der Waals interactions
were switched to zero between 0.8 and 1.2 nm. The Parrinello-Rahman
barostat (50) was used for semi-isotropic pressure coupling at 1 bar with
a time constant of 1.0 ps, whereas Nosé-Hoover thermostat (51,52) was
used for the temperature coupling at 310 K with a time constant of 1 ps.
The time step for the simulation was set to 2 fs and the neighbor-list was
updated every 10 steps. The LINCS algorithm (53) was used to constrain
covalent bonds to hydrogen atoms. The analyses were performed using
GROMACS utilities and in-house codes, whereas visualization was con-
ducted in PyMOL (54) and VMD (55).

RESULTS AND DISCUSSION
TMD trimerization pathway

All trimerization simulations were started from three iso-
lated helices arranged in a parallel fashion and separated
by =4.5 nm between each pair, together with a random
in-plane rotation for each helix, aiming to avoid any biased
interactions between helices before simulation. The forma-
tion of trimers was evaluated by monitoring the evolution of
center of mass distances between pairwise helices. The as-
sembly of a trimeric structure was in almost all simulations
initiated by the formation of a dimer structure, which resem-
bles the association behavior described previously for sybll
TMD dimerization (33). Subsequently, the isolated helix en-
gages with the dimer structure via interactions between the
C termini, resulting in the formation of a trimer with three
helices in a linear arrangement (see Fig. 1 for a typical
trimer assembly simulation). This configuration may transit
to a compact trimer or keep its original shape on the micro-
second timescale (5 us simulation time). This suggests that
apart from its crucial role in sybll dimerization (33), the
C terminus of sybll TMD also assists in the formation of
higher-order oligomers by establishing the initial contact
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FIGURE 1 Time evolution of center of mass distances between pairwise

helices for a sample trimerization simulation (A), and representative confor-
mations at specific positions during the formation of the trimer (B): (a) three
isolated monomers, (b) dimer formation, (c) formation of a linear trimer,
and (d) rearrangement to a compact trimer. The three helices (1-3) are
colored in blue, red, and green, respectively. To see this figure in color,
go online.

between helices, explaining the functional significance of
the C terminus of sybll TMD in membrane fusion, as
described in earlier experimental studies (56-58).

A similar trimerization pathway was also observed for
WWAA and PolyL mutants, following the same propaga-
tional characteristics. However, the trimerization kinetics as
well as the preferred geometry differ remarkably, especially
for the PolyL mutant, suggesting an important role of the
TMD primary sequence in oligomerization of synaptobrevin.

Trimerization kinetics depends on helix
association profile

To characterize the oligomerization kinetics, the concentra-
tion of trimers over the whole ensembles (= 500 simulations
for each system) was evaluated and is shown in Fig. 2 B. In
total, 99.2% of all WT and 97.6% of WWAA simulations tri-
merized within the simulation time, whereas PolyL formed
trimers only in 70.9% of the simulations. The buried acces-
sible surface area (BASA), defined as the difference be-
tween the solvent accessible surface area (SASA) of a
dimer and the SASAs of individual monomers, was used
to assess the self-association of TMDs in the membrane,
which has been shown to be a suitable indicator to monitor
the evolvement of protein contacts (59). The total BASA for
each configuration was calculated and compared with the
maximal values reported previously for stable dimer struc-
tures (33). This maximum was used as a cutoff (lower
bound) to define the formation of trimer structures with an
additional peptide-peptide contact. The relative distribution
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of BASA values was evaluated for the final 100 ns of all 5 us
long simulations of the sybll oligomer (trimer and tetramer)
ensembles (Fig. 2 A).

Fig. 2 B shows the populations of trimer structures
composed of both linear and compact aggregates over all
simulations for the WT and the mutants (WWAA, PolyL).
Clearly, the WWAA mutant shows similar trimerization
kinetics as compared with the WT. For both WT and
WWAA, after 5 us trimers were formed in nearly all simu-
lations. Both sequences were shown to adopt similar
dimerization kinetics as well as multiple dimerization inter-
faces (33). In contrast, a remarkably decreased trimerization
kinetics (Fig. 2 B) was observed for the fusion inactive
mutant (PolyL). This discrepancy in sybll trimerization
between the WT and the PolyL. mutant demonstrates that
the available binding interfaces as well as the TMD-
TMD association profiles explored from dimerization (33)
determine the kinetics and organization in the oligomer
assembly.

The difference in trimerization kinetics is as well re-
flected by the average time for trimer formation (7). As
compared with the sybIl WT with a Ty of =550 ns, a signif-
icantly increased Ty = 1140 ns was determined for the
PolyL mutant, whereas the WT and the WWAA mutant
(T = 690 ns) had comparable formation times.

Tetramer formation via distinct pathways

In the above sections, we have shown that the formation of
the sybll trimer proceeds via propagation in a “monomer-
dimer-trimer” order. As expected, most tetramers of sybll
TMD were formed on the basis of assembled trimer struc-
tures, followed by C-terminal attachment of a fourth TM he-
lix and rearrangement of the metastable four-helical bundle
into an energetically more favorable compact tetramer
configuration (Fig. 3 A). Alternatively, the formation of tet-
ramers in linear geometry processes via aggregation of two
preassembled dimers.

Although a similar tetramerization pathway was observed
for the WWAA mutant, a remarkably enhanced association
kinetics is seen as compared with the WT (Fig. 3 B). In
69% of the simulations, tetramers were formed for
WWAA within 5 us, whereas only =33% of the whole

Time (ns)

see this figure in color, go online.

ensemble led to tetramer configurations for the WT. Accord-
ingly, the average time required for tetramer formation
was ~2700 ns for the WT, significantly longer than for
the WWAA mutant (= 1760 ns). The critical step in the
formation of tetramers is the evolution from the trimer
configuration to the tetramer configuration, which requires
an optimal packing to accommodate multiple helices in
an energetically feasible way. Our results suggest that
the optimal packing in organization of sybll oligomers
(N = 4) is largely influenced by the bulky tryptophan resi-
dues (WSQWQO) in the interfacial area, which impose a steric
hindrance on the packing of TM helices. This inhibition in
the packing kinetics is clearly reflected in the decreased
transition rate for the WT from the trimer to tetramer config-
uration as compared with the respective rate for the WWAA
mutant (Fig. 3 B, magenta lines). Interestingly, the larger
population for the “dimer + dimer” configurations as
compared with the “trimer 4+ monomer” configurations
(Fig. 3) implies a higher propensity for the “propagational”
mechanism in tetramer formation; i.e., a tetramer structure
is more probably formed by the continuous growth in olig-
omer size than by aggregation of smaller multimers.

Similar to the trimers, the sybll WT tetramers also
assumed two distinct configurations, i.e., linear and compact
configurations. As compared with the WT, the WWAA
mutant adopted a significantly increased population of
compact tetramer configurations. This difference is partly
explained by the enhanced interconversion rate from the
linear configuration to the energetically more stable
compact tetramer configuration for the WWAA mutant
(0.31 for linear-compact vs. 0.19 for compact-linear inter-
conversions for WWAA, see Fig. 3, B and C). The high bidi-
rectional interconversion rates for the WT (Fig. 3 C)
demonstrate that apart from decreasing the tetramerization
kinetics, the bulky tryptophan residues (W3W°) also
enhance the conformational flexibility of WT tetramers by
facilitating a fast interconversion between linear and
compact tetramers.

It is interesting to note that compact bundles tend to adopt
a uniform interhelical crossing angle for pairwise helices in
either right-handed (RH) or left-handed (LH) geometry. In
contrast, for the linear tetramer, a progressive connection
was established between two assembled RH dimers by a
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LH geometry to obtain an optimal packing. This structural
feature renders the linear tetramer extendable to larger clus-
ters by recruitment of new dimers.

Packing properties of sybll trimer/tetramer
structures

The rapid spontaneous trimer formation confirms our hy-
pothesis of the importance of multiple binding interfaces
for oligomerization (33). However, it remains to be
confirmed whether the same binding interfaces are involved
in sybll trimerization and dimerization. The relative
orientation between two neighboring helices in trimer struc-
tures with both compact and linear geometries can be
described by the relative binding positions § and x (defined
in Fig. 4 A).

The most populated dimer binding interface (33), I-cl,
contributed strongly to the self-assembly of sybll trimers
(Fig. 4, B and C). In addition, the alternative binding inter-
faces for a linear trimer resembles well those reported for di-
mers (Fig. 4 C). In contrast, a shift in binding position was
observed for these alternative interaction interfaces in the
case of compact trimers (B), reflecting a substantial plas-
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FIGURE 3 Tetramerization of sybll TMD. (A)
Evolvement of different conformations in the tetra-
merization process: monomer (a), dimer (b),
dimer + dimer (c/)/trimer + monomer (c2), and
tetramer (linear (d7) and compact (d2)). These con-
figurations are involved in two tetramerization
pathways with possible interconversions between
individual states. (B) Relative populations of
distinct configurations in the process of self-assem-
bly of tetramers for both WT and WWAA. (C) Cu-
mulative interconversion probabilities between
compact (d2) and linear tetramers (d1). Conver-
sions from dI to d2 and the reversed reaction (d2
to d1) are shown (dashed versus solid lines), with
the total conversion probability after 5 us indicated.
For each simulation, linear and compact tetramer
configurations were determined based on BASA
and the number of interacting helices. A transition
event between linear and compact tetramers was
counted if the new configuration was stable for at
least 10 ns. The cumulative interconversion proba-
bility was defined by the cumulative linear tetramer
(compact tetramer) population divided by the total
number of conversion events from a linear to a
compact tetramer configuration (compact to linear
tetramer). To see this figure in color, go online.
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ticity by maintaining an optimal packing of the helices. In
addition, the binding interfaces (data not shown) for adja-
cent helices in tetramers was similar to dimerization and tri-
merization interfaces.

Similar binding patterns were also observed for the
WWAA and PolyL. mutants (data not shown). The ratio be-
tween compact and linear trimers for the WT (139:100) is
remarkably larger than that for WWAA (40:100), reflecting
a strong preference of WWAA trimers for a linear geometry.
Given the similar propensities of WT and WWAA for the
main and the alternative binding interfaces (33), it can
be concluded that for WWAA the stability of the linear
trimer is increased as compared with that of the WT, result-
ing in a decreased probability for the transition to compact
aggregates.

Apart from the binding interfaces contributing to the as-
sembly of sybll oligomers, the crossing angle between
adjacent helices exhibited a similar characteristics as for
the dimers, as indicated in Fig. 5. The packing between
two neighboring helices for sybll oligomers (N = 3,4)
showed a distribution similar to the one for dimers. The
conformational plasticity in the sybIl oligomers is reflected
in the broadened distributions. It is interesting to note that
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FIGURE 4 Binding orientation (A) of interacting pairs of helices for trimer structures in compact (B) and linear shape (C), characterized by the probability
distribution (artificial units) of relative binding positions (8) and (x) for the WT. The x and y axes in (A) were arbitrarily chosen. The dominant binding
interface (I-cl) as well as alternative binding interfaces are marked by white and yellow arrows. The alternative binding interfaces show a moderate
shift for the packing in compact trimers, whereas the same interaction surfaces were found for linear trimers as compared to those previously reported

for a dimer ensemble (33). To see this figure in color, go online.

the relative probability for the LH geometry increased with
a growing oligomer size.

Residues L%/C'%%/L'%7/1'"" contribute to helix
packing in sybll oligomers

Interestingly, the residues (L99, Clo L7, Im) critical for
sybll TMD dimerization and reported to constitute the
main binding interface (22-24,33) were found to orient to-
ward the binding interfaces between neighboring helices
in sybll oligomers, as shown in Fig. 6 for trimer and
tetramer configurations obtained after 200 ns atomistic sim-
ulations of self-assembled compact trimer and tetramer
structures from CG simulations. These residues also
contribute most significantly to the interactions within sybll
oligomers as seen from the contact maps between pairwise
residues in Fig. 7. Interestingly, these residues have recently
been proposed to constitute a proteinaceous fusion pore with
the side chains pointing into the pore lumen, in combination
with two other residues (V]m, 1105), which reside on the
opposite side of the helical face (19). Mutation of these
residues to bulky tryptophans resulted in a significantly
reduced fusion pore flux (19). From the structural perspec-

tive gained here, it appears unlikely that these residues
orient toward the luminal space of the fusion pore, but rather
influence the assembly of sybll oligomers. It is apparent that
the two pairs of residues (L*/C'%, V'°!/1'%) at opposite
sites of the helix represent two alternative binding surfaces
(33) and provide free binding sites to recruit isolated sybll
molecules to form larger oligomers. Already for sybll tetra-
mers, the residues V'°//1'% were found to contribute to the
total interaction energy (see Fig. 7, right panel, for the inter-
action map) by involving the fourth protomer to the compact
trimer structure (see Fig. 6). Replacement of these interfa-
cial residues by tryptophans thus likely inhibits the oligo-
merization of sybll TMD.

In addition to the above residues, the trimer and tetramer
configurations suggest an important role of G'® in packing
because of its orientation toward the helical interface (see
Fig. 9) where it interacts with C'® (see Fig. 7). An addi-
tional important function of G'® is to increase the flexibility
of the TMD by introducing a helix kink (60,61) between the
upper (residues 90-98) and the lower (residues 102-115)
part of the TMD. The ability of the Martini force field to
reproduce the peptide kink observed in atomistic simula-
tions (60,61) and the influence of oligomerization on the
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FIGURE 5 Distribution of interhelical crossing angles for adjacent helices of sybll oligomers (N = 3,4) for WT, WWAA, and PolyL. The relative distri-
bution for associated helices from a dimerization study is provided for comparison (black) (33). To see this figure in color, go online.
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FIGURE 6 Structures of sybll compact trimer and tetramer configurations. The snapshots show structures after 200 ns atomistic simulation after back-
mapping of CG structures. Critical residues for dimerization, L*/C'"%/L'71'" | as well as V'*'/1'® that were suggested before to point toward the pore
lumen of syblI fusion pores (19), are shown in stick representation. V'°" and 1'% are pointing outward. Tryptophane residues are shown as gray surfaces.

To see this figure in color, go online.

kink angle were analyzed by comparison of the kink angles
observed in simulations of monomeric, trimeric, and tetra-
meric sybll configurations both at atomistic and CG level
(see Fig. 8).

The peptides in CG representation are only slighly less
kinked (by ~2°) as compared with atomistic simulations, in-
dependent of the oligomerization state of the peptide. In
trimer configuration, the kink was slightly increased and

the distribution broadened as compared with both sybll
monomer and tetramer configurations suggesting an in-
creased adaptation of the peptides in this configuration.

From tetramers to higher-order oligomers

Although one SNARE complex was shown to be sufficient
to induce membrane fusion in an in vitro liposome fusion
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FIGURE 7 Contact maps displaying pairwise interaction frequencies for residues involved in the formation of trimer (leff) and tetramer configurations
(right). To see this figure in color, go online.
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FIGURE 8 Distribution of kink angles at G'® for monomeric, trimeric, and tetrameric WT syblI as observed in atomistic (black line) and CG (gray line)

simulations.

experiment (11), a wealth of studies revealed that multiple
SNARE complexes are required for fast in vivo exocytosis
or reconstituted liposome fusion (8,10,56,62). The number
of complexes varied with the experimental or physiological
conditions (20). A theoretical model based on a single
vesicle fusion event revealed that eight SNARE complexes
are optimal to accomplish fusion with rates compatible
with that for in vivo neurotransmission (63). It has previ-
ously been noticed that syntaxin is distributed in clusters
of different sizes, and small clusters were found to unite
to form large clusters that are suggested to serve as a reser-
voir and define the sites for fusion reactions (64). However,
the functional organization of multiple SNARE complexes
remains poorly understood.

Using self-assembly for sybll trimerization and tetrame-
rization on ensembles of CG simulations, we have shown
that most sybll oligomers assembled following a specific
pattern by which pairwise helix interactions well resemble
those explored in sybll dimerization (33). An overall simi-
larity between the helix binding interfaces as well as pack-
ing geometry was seen between sybll oligomers (trimers or
tetramers) and dimers (see previous section), albeit a slight
structural adaption exists with increasing complexity of the
systems.

Based on the “propagational” growing pattern observed
upon trimer and tetramer formation, oligomeric models
were built by combining dimer structures with alternative
binding interfaces and assembled tetramers. As a proof of
principle, we compared representative self-assembled
trimer and tetramer structures with those from a combina-
tion of multiple dimers with alternative binding interfaces,
as shown in Fig. 9. Trimer structures obtained from sponta-
neous association and from manual assembly showed a
good agreement with an RMSD value of 0.26 nm. A slightly
larger deviation (RMSD = 0.51 nm) was observed
between the self-assembled tetramer and that formed by
combination of three different dimers. This implies an
enhanced flexibility with increasing size of sybll oligomers

in self-assembly simulations, during which a slight struc-
tural rearrangement may occur. However, the orientation
of individual peptides in the oligomer is equal. The observed
similarity in sybll packing between oligomers and dimers
supports the assumption that the helix-helix association pro-
files explored in dimerization may serve as a reliable basis to
predict higher-order oligomeric states at a drastically
reduced computational cost.

The conformational stability of the sybll oligomeric
structures (pentamer, hexamer, heptamer, and octamer)

A

rmsd = 0.51 nm

FIGURE 9 Alignment of sybll trimer (A) and tetramer (B) structures
from self-assembly CG-MD simulations (yellow) and from simulations of
manual combinations of multiple dimers with different binding interfaces
(blue) (33). The residue G'® is shown in sphere representation (magenta).
To see this figure in color, go online.
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was assessed by calculating the root mean-square deviation
(RMSD) of the backbone beads from 5us CG-MD simula-
tions. All the oligomeric structures showed a remarkable
stability with RMSD values fluctuating between 2 and
4 A, with the exception of the octamer with RMSD values
ranging between 2 and 6 A (Fig. 10 A). Interestingly, the
hexamer configuration with a symmetric geometry dis-
played an extraordinary stability (RMSD of =2 A).
Inspection of the trajectories showed that the formation
of higher-order oligomers involved subtle structural rear-
rangements to accommodate the added monomer. The resi-
dues L99, C103, L107, and ' point toward the interface
between adjacent helices for all oligomers investigated
(see Fig. 10 B). The dimerization study on sybIl TMD sug-
gested a symmetric (face to face, I-cl) or an asymmetric
binding mode (face to back, denoted as III before) between
the two TMD helices (33). The specific “face to back”
pattern appears to be functionally relevant for the organiza-
tion of sybll TMD oligomers, possibly enabling a plasticity
in the assembly of sybll aggregates (20).

Possible influence of juxtamembrane domain
(JMD) on the formation of higher-order oligomers

A possible impact of the extracellular domain of sybIl on the
spatial organization of sybll oligomers was investigated us-
ing a short version of full-length sybll (residues 74—116).
This construct contains, apart from the TMD, also a short
juxtamembrane domain (JMD). Results of an atomistic
MD simulation study on the microsecond timescale of sybll
monomers containing linker and JMD (61) were used to
investigate the plausibility of the above described oligomer
configurations for the truncated sybll. In detail, 500 atom-
istic structures sampled from the final 500 ns of a micro-
second simulation (61) were fitted on their TMD and
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overlaid on the TMD of each protomer in the oligomers
described above.

As indicated in Fig. 11, the JMD shows only small over-
laps within the sybll oligomers containing three, four, and
six TM helices. In contrast, moderate overlaps in the JMD
sampling region emerged for sybll heptamer and octamer
configurations (N = 7,8). This implies a potential impact
on sybll oligomerization: large oligomers restrict the acces-
sible conformational space for the JMD, thus decreasing the
propensity for their formation. The presence of the cytosolic
domain was suggested before to prevent the formation of
sybll oligomers (24). Similarly as described here for sybllI,
it has previously been proposed that a balance between the
steric hindrance caused by the syntaxin cytosolic domain
and the lateral association of TMD determines the size
and dynamics of syntaxin oligomeric structures (65). It re-
mains to be studied how the cytosolic domains and trans-
membrane domains cooperate in sybll oligomerization,
considering the high density of sybll in the synaptic vesicle
membrane (66).

CONCLUSIONS

The cooperation of SNARE complexes is known to be indis-
pensable in driving fast neuronal exocytosis, which requires
the assembly of SNARE complexes into oligomers before
fusion. The oligomerization of the SNARE complex is
thought to be mediated by lateral association of TMDs. In
this study, we investigated the oligomerization of the sybll
TMD combining high-throughput ensemble simulations at
CG resolution. Obtained compact trimer and tetramer struc-
tures were stable in subsequent atomistic MD simulations
with RMSD values below 4 A (data not shown, see Fig. 0).

In self-assembly simulations, the trimerization of sybll
WT TMD and of its mutants, WWAA and PolyL, was

Hexamer

7 ™y
' 8 Fun>

Octamer

Heptamer

FIGURE 10 (A) Structural stability of sybll oligomeric structures assessed by RMSD of backbone beads relative to the starting structure. (B) Final snap-
shots for syblII oligomers after 5 us CG-MD simulations are provided. Individual helices are colored differently. The two crucial interfacial residues L (red
spheres) and C'® (yellow spheres) are shown to highlight the position of the main interaction interface. To see this figure in color, go online.
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Hexamer

FIGURE 11

Heptamer

Octamer

Configurations of atomistic sybll constructs (residues 74—116) including the membrane proximal region overlaid and fitted to the TMD of the

oligomers described in this study. The regions with largest JMD density are highlighted by circles. To see this figure in color, go online.

initiated at the C termini, followed by formation of a stable
crossed dimer. The subsequent engagement of the third iso-
lated helix to the dimer led to the formation of trimer con-
figurations with either linear or compact geometries. The
WT and mutants showed a similar trimerization pathway
but different kinetics, in particular the PolyL. mutant had a
remarkably decreased trimerization speed. This difference
could be attributed to the lower dimerization kinetics and
the lack of alternative binding interfaces for the PolyL
mutant, confirming a previous suggestion based on sybll
dimerization (33). As expected, a similar trimerization pro-
file was found for the WT and the WWAA mutant explained
by their comparable dimerization characteristics.

Similar to the trimerization, the spontaneous formation of
a tetramer structure followed a specific dimer — trimer —
tetramer pathway. Alternatively, the binding of two assem-
bled dimers could lead to the formation of a tetramer, albeit
at a decreased probability. The WT showed a significantly
decreased kinetics as compared with the WWAA mutant,
suggesting an inhibitory role of the bulky tryptophan resi-
dues at the membrane interfacial region in the formation
of syblI oligomers (N > 4). The presence of Trp**Trp”
not only decreased the propensity for higher-order oligo-
mers but as well increased the flexibility of the helical
bundle as reflected by the increased interconversion proba-
bility between linear and compact tetramers. This confor-
mational flexibility is suggested to be important in

maintaining the accessibility of sybIl molecules to its
cognate partner upon SNARE complex formation.

The trimer and tetramer structures obtained from self-
assembly simulations showed a striking consistency with
the models built by manual combination of dimer structures
(Fig. 9), thus offering a computationally less demanding way
to model syblI higher-order oligomers (N > 5). Accordingly
manually constructed sybll oligomers (N = 5,6,7) showed a
high structural stability with RMSD values below 4 A
(exception: octamer RMSD =6 A). The symmetric hexamer
bundle exhibited the largest stability with a RMSD of =2 A.
Residues Leu99, Cyle3, Leu'”, and Ile'! reported to be
important in sybll helix association, were found to be
oriented toward the interface with neighboring sybll
TMDs. This demonstrates that these residues are also
essential to maintain the organization of sybll oligomers.
Interestingly, the residues Val'®' and Ile'®, which were
proposed before to point toward the central fusion pore
formed by sybll TMD (19), are predicted to be located at
the outside of the sybll TMD bundle. They are thus freely
accessible, e.g., to other free sybll molecules or, alterna-
tively, these residues may provide an interaction site for the
cognate SNARE partner, syntaxin, upon cis-SNARE com-
plex formation.

Based on the compact geometry of sybll oligomers, we
conclude that their main function in the prefusion state is
to locally increase the sybll concentration at the fusion site.

Biophysical Journal 770, 2004—2015, May 10, 2016 2013
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