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ARTICLE INFO ABSTRACT

Article history: SNARE-mediated membrane fusion is a ubiquitous process responsible for intracellular vesicle trafficking,
Received 5 January 2018 including membrane fusion in exocytosis that leads to hormone and neurotransmitter release. The pro-
Accepted 6 February 2018 teins that facilitate this process are highly dynamic and adopt multiple conformations when they interact

Available online 8 February 2018 with other proteins and lipids as they form highly regulated molecular machines that operate on mem-

branes. Solution NMR is an ideal method to capture high-resolution glimpses of the molecular transfor-
mations that take place when these proteins come together and work on membranes. Since solution NMR
has limitations on the size of proteins and complexes that can be studied, lipid bilayer model membranes
cannot be used in these approaches, so the relevant interactions are typically studied in various types of
membrane-mimetics that are tractable by solution NMR methods. In this review we therefore first sum-
marize different membrane-mimetic systems that are commonly used or that show promise for solution
NMR studies of membrane-interacting proteins. We then summarize recent NMR studies on two SNARE
proteins, syntaxin and synaptobrevin, and two related regulatory proteins, complexin and a-synuclein,
and their interactions with membrane lipids. These studies provide a structural and dynamical frame-
work for how these proteins might carry out their functions in the vicinity of lipid membranes. The com-
mon theme throughout these studies is that membrane interactions have major influences on the
structural dynamics of these proteins that cannot be ignored when attempting to explain their functions
in contemporary models of SNARE-mediated membrane fusion.

© 2018 Elsevier B.V. All rights reserved.
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1. Brief introduction to the SNARE fusion machinery

Cargo is transferred between different compartments of
eukaryotic cells by membrane vesicles that pinch off from the
membranes of donor organelles and fuse with the membranes of
acceptor organelles. Similarly, hormones or neurotransmitters that
are secreted from cells are delivered by secretory vesicles that fuse
with the plasma membrane of the secreting cell. These fusion
processes are all mediated by specific sets of SNARE (soluble N-
ethylmaleimide sensitive factor attachment protein receptors)
proteins, which in the case of exocytosis are tightly regulated by
intracellular calcium. Different SNARE proteins are present on
both fusing membranes and have been shown to be sufficient to
facilitate fusion between two membranes (Fig. 1) [1,2]. All SNAREs
contain highly conserved so-called SNARE motifs, which consist of
60-70 amino acids with heptad repeats. When assembled, these
heptad repeats form layered hydrophobic contacts, with the
exception of the central ionic “0”-layer. The pairing of SNAREs
from the two membranes through their SNARE motifs that form
a highly stable four-helix bundle is what ultimately drives mem-
brane fusion. The relevant SNAREs in the case of exocytotic release
of neurotransmitters at synapses of neurons are synaptobrevin-2
(also called vesicle associated membrane protein-2 or VAMP-2)
on the synaptic vesicle and syntaxin-1A and SNAP-25 on the
presynaptic cell membrane (Fig. 1). The domain structures of these
proteins are shown in Fig. 2. Synaptobrevin, a v- or R-SNARE, is
anchored in the vesicle membrane through its single C-terminal
transmembrane (TM) domain, whereas two target SNAREs (t- or
Q-SNAREs), syntaxin and SNAP-25, are anchored in the plasma
membrane through a single C-terminal TM domain in the case of
syntaxin or multiple palmitate chains that are post-
translationally added to SNAP-25. The bundle of four parallel o-
helices that constitutes the postfusion cis-SNARE complex [3] is
believed to be formed by folding (“zippering”) of the four SNARE
motifs in a N- to C- terminal direction. SNAP-25 contributes two
and the other SNAREs one o-helix each to the final structure.
The four helical bundle is stabilized by hydrophobic side-chain
interactions in heptad repeats, except in the center where one
arginine from synaptobrevin (hence R-SNARE) and three

(®
.

Synaptobrevin
u-Synuclein
Synaptotagmin

Syntaxin
SNAP-25

Munc13

Cytosol

glutamine residues from syntaxin and SNAP-25 (hence Q-
SNAREs) form the signature ionic “0”-layer.

In addition to the three SNARE proteins, which form the mini-
mal machinery of the neuronal SNARE complex that is sufficient
to facilitate membrane fusion in vitro [1], regulated exocytosis in
neurons requires a range of additional effector proteins (Figs. 1
and 2) [4-6]. Munc18-1 of the Sec1/Munc18 (SM) protein family
is essential for proper SNARE assembly and therefore SNARE-
mediated membrane fusion in vivo. This soluble protein possesses
multiple binding modes with syntaxin, synaptobrevin, as well as
the assembled SNARE complex. Specifically, Munc18 regulates
the conformation of syntaxin between “open” and “closed” states
[7], but it also acts as a chaperone to deliver syntaxin to other bind-
ing partners during SNARE complex formation [8-10], and may
function as an organizer for precise alignment of SNARE assembly
[11,12]. Munc13, which originally was thought to work upstream
and contribute to the initial tethering of the two membranes, has
been implicated more recently also in the modulation of the
Munc18-syntaxin interaction and the organization of the pre-
fusion SNARE complex [13,14]. A recent crystal structure of the
C1C2BMUN domains of Munc13 reveals a 19.5 nm long multi-
helical structure, and the relative positioning of the different
domains may lead to cooperative membrane binding and hence
may provide points of support for force exertion on the assembly
of the cis-SNARE complex [15].

Fast and synchronous SNARE-mediated neuronal excytosis is
controlled by Ca?* via two proteins, synaptotagmin-1 and
complexin-1 or -2. It is widely agreed that synaptotagmin is the
sensor for Ca%* in calcium-triggered exocytosis, and the binding
of four Ca?* ions to the two C2 domains of synapotagmin dramat-
ically changes their affinity for membranes with acidic lipids
[16,17]. Calcium binding may also modulate the binding of synap-
totagmin’s C2 domains to the ternary postfusion SNARE complex
[18]. Although multiple interactions between synaptotagmin and
different components of the fusion machinery have been observed
in vitro, it is still debated how exactly synaptotagmin confers Ca®*
sensitivity to the synaptic fusion process [18,19]. Complexin does
not itself bind calcium, but it contributes to the Ca?* sensitivity
of evoked neurotransmitter release. Complexin binds strongly to

Extracellular Space

Fig. 1. A schematic diagram of neuronal SNARE-mediated membrane fusion. Synaptobrevin on synaptic vesicles can bind to target SNAREs (syntaxin and SNAP-25) on the
presynaptic cell membrane. The formation of the trans-SNARE complex (present in intermediate stage of diagram) may be modulated by various synaptic regulatory proteins,
such as Munc18, Munc13, complexin, and o-synuclein. Fast and precise neurotransmitter release from the vesicle is triggered by the cytoplasmic rise of Ca®* and its
interaction with synaptotagmin. A four-helix bundle cis-SNARE complex is formed upon completion of fusion (final stage of diagram). Adapted with permission from

Ref. [84].
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Fig. 2. Modular domain structures of neuronal SNAREs and related regulatory proteins. Rat protein sequences and isoforms are shown. The sequence lengths of these proteins
are shown to scale, except that the scale of the last three proteins is five times smaller than the scale of the first five proteins. SNARE, SNARE motif; TM, transmembrane
domain; N-pep, N-terminal peptide (residues 1-10); Habc, Habc regulatory domain of syntaxin (residues 27-146); CCCC, palmitoylated cysteines; NT, N-terminal (1-12); AH,
accessory helix (28-47); CH, central helix (48-70); CT, C-terminal (114-134); NTR, N-terminal region (1-25); CR, central region (26-97); NAC, non-amyloid-f component
(61-95); CTR, C-terminal region (98-140); CaMb, calmodulin binding region (459-492); MUN, MUN domain (859-1531).

the postfusion SNARE complex and genetic studies have shown
impaired evoked neurotransmitter release in the absence of com-
plexin, although the effect of complexin on spontaneous release
can be, depending on conditions, inhibitory or facilitatory [20,21].

There are a number of additional specialized chaperone pro-
teins that affect the cycle of SNARE complex assembly and disas-
sembly. They include cysteine string protein-o. and o-synuclein
[4]. Both of these proteins are localized on synaptic vesicles, and
have been implicated in neurodegenerative diseases. Like synapto-
tagmin and complexin, these proteins can interact with individual
and partially assembled SNAREs as well as with membrane lipids,
making their roles in the SNARE-mediated fusion process both
interesting and sometimes confusing. Both proteins promote neu-
rodegeneration in a manner that depends on the age of the organ-
ism. They affect the misfolding of SNARE intermediates that
become more populated later in the life of animal cells, indicating
that the chaperone functions of these proteins become more criti-
cal in aging cells for reasons that are presently not well
understood.

To complete the SNARE assembly and disassembly cycle, post-
fusion cis-SNARE and misfolded SNARE complexes are disassem-
bled by N-ethylmaleimide sensitive factor (NSF) and soluble NSF
attachment proteins (SNAPs) that use ATP as energy source
[22,23]. In addition to the already mentioned proteins, which inter-
act with different SNARE proteins specifically or promiscuously at
various steps of the fusion process and, therefore, must be in close
proximity to the fusion pore, there are more proteins and protein
complexes that are important for vesicle tethering to the plasma
membrane and recruiting them to the fusion zones [24]. Although
very interesting, these proteins will not be discussed in this review.

Just as in other fields of molecular cell biology, most structural
insight into how the SNARE fusion machinery might work has
come from protein structures of soluble fragments of the relevant
proteins, i.e. structures that were solved by X-ray crystallography.
Very recently cryo-EM has also contributed some important struc-
tures, most notably that of a complex between NSF and the soluble
postfusion SNARE complex [23]. Despite the extremely valuable
insights that were contributed by these techniques, the importance
of partially folded proteins and lipids in the fusion process limits

the usefulness of crystallographic or single particle averaging tech-
niques as a means of learning additional important details that are
pertinent to understand the molecular interplay that ultimately
leads to membrane fusion. NMR, which is uniquely suited to char-
acterize conformationally flexible structural ensembles and study
their dynamics in the presence of membrane lipids, has an impor-
tant role to play to fill these gaps in our current understanding.
Both solution and solid-state NMR have made great progress in
recent years in the study of structures and dynamics of membrane
proteins in native or near-native environments [25]. In the SNARE
fusion field significant progress has come recently mostly from
solution NMR. Therefore, the purpose of this review is to summa-
rize this progress and to highlight future opportunities in the field.
Solution NMR has a well-known limit to the size of systems that
can be studied, which is due to severe line-broadening and spectral
crowding of solution NMR spectra of large particles caused by slow
rotational correlation times. Although instrumental and other
technical improvements continue to expand the range of systems
that can be studied by these methods, current limits for complete
structure determinations of integral membrane proteins by solu-
tion NMR are around 40 kDa, and membrane protein complexes
in systems over 100 kDa can be studied when only selected com-
ponents are isotope-labeled. To accommodate this size limit of
solution NMR, membrane proteins are commonly studied in
membrane-mimetic systems that are discussed in the next section.
In the following sections, we highlight important results from
recent solution NMR studies of the two SNARE proteins synatpo-
brevin and syntaxin, as well as complexin and o-synuclein, and
we summarize their conformational dynamics and interactions
with membrane lipids and other proteins.

2. Membrane-mimetic systems commonly used in solution
NMR studies of membrane proteins
2.1. Micelles

Micelles formed by detergent molecules are by far the most
widely used membrane mimetics in solution NMR studies of
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membrane proteins. Empty micelles adopt globular shapes in
water [26], with their hydrophobic tails pointing to the center
and hydrophilic headgroups orienting towards the surface of the
sphere. When membrane proteins are solubilized in micelles,
detergent molecules orient their hydrophobic tails towards trans-
membrane (TM) domains and line their hydrophilic headgroups
around the transition regions between TM and water-soluble
domains of membrane proteins, likely resulting in prolate or oblate
ellipsoids (Fig. 3A), depending on the relative sizes of the solvated
membrane protein and detergent molecules [27,28]. Micelle-
forming detergents are characterized by their aggregation number
(N) and critical micelle concentration (CMC). The aggregation num-
ber is the average number of detergent molecules in a single
micelle, whereas the CMC is the concentration threshold when
detergent molecules form a micelle, i.e., the maximum concentra-
tion of monomeric detergent molecules. In practice, detergents are
labeled as “harsh” or “mild” depending on their tendency to dena-
ture or preserve protein structures, respectively. For a series of
detergents with the same headgroup, the longer the hydrophobic
carbon chain, the smaller is the CMC, i.e., the more stable is the
micelle and, ultimately, the lower are detergent costs due to smal-
ler required amounts. These considerations probably reflect the
recent trend of choosing diheptanoyl-glycero-phosphocholine
(DH-PC) over dihexanoyl-glycero-phosphocholine (DHgPC) in solu-
tion NMR studies of a number of membrane proteins [29,30]. How-
ever, in many cases, the choice of detergent has mostly been a trial-
and-error process. The solubilizing power of a detergent has to be
co-optimized with other sample requirements, such as the preser-
vation of the protein’s native fold, the quality of the final spectrum,
and the stability of the sample. Dodecylphosphocholine (DPC),
with a phosphocholine headgroup and a single 12-carbon aliphatic
chain, has been one of the most popular detergents for membrane
proteins studied by solution NMR [25]. Lysophospholipids, with
either PC or PG headgroups, short-chain phospholipids, lau-
ryldimethylamine oxide (LDAO), n-dodecyl-B-maltoside (DDM),
octyl-B-glucoside (B-OG), and sodium dodecyl sulfate (SDS) have
also been used successfully.

2.2. Bicelles

Bicelles are formed by a mixture of bilayer-forming lipids and
micelle-forming detergents. Common bicelle systems consist of
mixtures of long-chain and short-chain phospholipids. In this mix-
ture, long-chain phospholipids supposedly form a patch of planar
lipid bilayer with their edge lined by short-chain phospholipids
that support a curved surface (Fig. 3B). Although such a picture
of a bicelle makes intuitive sense, the distribution of both types
of lipids in bicelles is in reality much more dynamic. The molar
ratio of long-chain to short-chain lipids is defined as the q value,
which determines the size of bicelle. For solution NMR studies,
“isotropic” bicelles with q values between 0.25 and 0.5 are pre-
ferred to stabilize membrane proteins and provide high-quality
spectra. Bicelles with higher q values (>2) have been used to
induce alignments for measuring residual dipolar couplings in
solution NMR. The most widely used long-chain lipid in bicelles
is dimyristoyl-glycerol-phosphocholine (DMPC), with a few recent
reports that have wused 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) or 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (POPE) instead. The most commonly used
short-chain lipid is DHgPC, but other detergents, such as 3-[(3-cho
lamidopropyl)dimethylammonio]-2-hydroxy-1-propanesulfonate
(CHAPSO), 3-[(3-cholamidopropyl)dimethylammonio]-1-propane
sulfonate (CHAPS) have also been used. Bicelles provide a more
bilayer-like environment than detergent micelles and some pro-
teins have shown a higher stability and higher enzymatic activity
in bicelles than in micelles [31]. In addition, further lipids, such as
cholesterol, can be incorporated into bicelle samples to study their
interactions with membrane proteins [32].

2.3. Nanodiscs

Similar to bicelles, nanodiscs are patches of solubilized phos-
pholipid, such as DMPC, in bilayers. However, instead of detergents,
the phospholipids in nanodiscs are surrounded by amphipathic
membrane scaffold proteins (MSPs) (Fig. 3C). The most widely used

Fig. 3. Membrane mimetics for solution NMR studies of membrane proteins. (A) Micelle, (B) bicelle, (C) nanodisc, (D) amphipol, (E) Lipodisq or SMALP, (F) bilayer in a
liposome. A hypothetical four-helical bundle protein is shown in green in all cases. Micelles and bicelles are shown in cut-open views in order to show the differences of these
two systems. Membrane scaffold protein (MSP) helices in nanodiscs are shown in brown in (C); amphipols are shown in blue in (D); SMA polymers are shown as orange belts

in (E).
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scaffold protein MSP1D1 has been genetically engineered from
apolipoprotein A-1 [33]. Two copies of this protein are believed to
stabilize two monolayers of one nanodisc. An empty MSP1D1 nan-
odisc has a mass of around 125 kDa and is 10 nm in diameter, which
is at the upper limit of being useful for high-field solution NMR
spectroscopy. By deleting helical segments from apolipoproteins,
hence by shortening the circumference of the nanodisc, Hagn
et al. have constructed smaller nanodiscs that they used for a de
novo solution NMR structure determination of the membrane pro-
tein OmpX [34]. A single OmpX-nanodisc complex has total molec-
ular mass of 107 kDa and contains 80 DMPC molecules. More
recently, circularized nanodiscs, i.e. nanodiscs in which the scaffold
proteins were chemically reconnected between the N- and C-
termini, have been devised to improve sample stability and homo-
geneity [35]. More highly resolved NMR spectra were obtained by
this approach. Since nanodiscs provide a bilayer-like environment
without the presence of a denaturing detergent, they probably pro-
vide the most native-like environments for solution NMR studies of
integral membrane proteins.

2.4. Amphipols

Amphipols are amphipathic polymers with mixed hydrophobic
and hydrophilic side chains. They have been used to stabilize inte-
gral membrane proteins since they selectively adsorb to the
hydrophobic transmembrane surface of the membrane protein
(Fig. 3D) [36]. Membrane proteins in amphipols usually display
increased thermal stabilities and higher enzymatic activities com-
pared to their counterparts in detergent micelles, probably because
amphipols favor the retention of residual native lipids. The most
commonly used amphipol, A8-35, self-assembles into globular par-
ticles with an average mass of 40 kDa, a size manageable for solu-
tion NMR studies. However, protein samples in amphipols are less
homogeneous in comparison to samples in detergents or nan-
odiscs. There have been no de novo NMR structures solved so far
with membrane proteins in amphipols, although a number of stud-
ies suggest that it is a promising approach [36,37].

2.5. Lipodisqs or SMALPs

A different type of polymer, styrene-maleic acid (SMA) copoly-
mer, has also been employed to solubilize integral membrane pro-
teins. Lipodisqs or SMA lipid particles (SMALPs) are mixtures of
SMA copolymers and lipids that are structurally similar to bicelles
or nanodiscs, except that SMA copolymers are employed to stabi-
lize patches of lipid bilayers (Fig. 3E) instead of detergents or MSPs
[38,39]. The advantage of lipodisqs is that they can be used to
extract integral membrane proteins directly from biological mem-
branes and then further purify them without exposure to deter-
gents. Depending on the protein and perhaps also the method of
measurement, diameters of membrane proteins embedded in lipo-
disqs vary between 10 and 24 nm [40]. Applications of lipodisqgs to
solution NMR studies of membrane proteins are so far still quite
limited [38]. A challenge may be their relatively large sizes and
their inhomogeneous size distributions.

2.6. Liposomes

Lipid bilayers in liposomes provide the most native environ-
ment for membrane proteins (Fig. 3F). However, even small unil-
amellar vesicles (SUVs) with a diameter of 50 nm and a size of

17 MDa, are far outside the upper size limit for optimal detection
of membrane-embedded residues by solution NMR. On the other
hand, liposomes can successfully be employed to study the interac-
tion of amphipathic proteins with membrane surfaces. Measure-
ments of signal attenuation, paramagnetic relaxation

enhancement, relaxation dispersion, and transferred nuclear Over-
hauser effects (NOEs) can be very helpful to observe specific
protein-lipid interactions and to detect the dynamics and proper-
ties of membrane-associated invisible states. Another obvious
advantage of liposomes is that different types of lipids can be easily
incorporated during sample preparation, permitting studies on
their effects on functionally important lipid interactions.

3. Dynamic NMR structures of SNAREs and related proteins in
membrane lipids

Despite the importance of membranes in SNARE-mediated
fusion, most studies on the structures of these proteins have
focused on soluble domains of these proteins in aqueous buffers,
although there are some notable exceptions [41]. In these studies
it is frequently overlooked that SNAREs and related proteins ulti-
mately function on membranes and that their structures and inter-
actions may be influenced by the presence of the membrane lipids,
especially when they are near the fusion pore where the local lipid
concentration is very high. In this section, we summarize recent
solution NMR studies of four proteins that are closely involved in
SNARE-mediated membrane fusion.

3.1. Synaptobrevin

Synaptobrevin (VAMP) resides on the synaptic vesicle mem-
brane where it is anchored with a single C-terminal TM domain.
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Fig. 4. Structural and dynamical changes of synpatobrevin in the presence of
membrane lipids. (A-C) Three-bond averaged secondary chemical shift differences
versus residue numbers, (A) synaptobrevin (1-96) in aqueous solution; (B)
synaptobrevin (1-116) in DPC; (C) synaptobrevin (1-116) in DMPC/DHPC bicelles
(q=0.33). (D) Ratio of >N R,/R; relaxation rates for synaptobrevin (1-116) in
DMPC/DHPC bicelles (q = 0.33). Adapted with permission from Refs. [44,46].
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The crystal structure of the soluble SNARE complex revealed that
synaptobrevin forms a 56-residue o-helix as part of the coiled-
coil four helical bundle of the complex [3]. A more recent structure
of the membrane-embedded SNARE complex with its TM domains
in the detergent n-nonyl B-p-glucopyranoside has revealed a con-
tinuous helical bundle through the TM domain [41]. It is believed
that folding into a helix and a concomitant force transduction
through the juxtamembrane region, i.e., a stretch of about 10 resi-
dues that connect the soluble SNARE motif with the TM domain, is
important for overcoming the energy barrier of membrane fusion.
In aqueous solution, the soluble domains of synaptobrevin appear
to be mostly unstructured as analyzed by solution NMR, CD, and
FTIR techniques (Fig. 4A) [42-44].

Full-length rat synaptobrevin-2 (residues 1-116) reveals a sig-
nificant amount of ordered structure in DPC micelles [44]. Based
on secondary chemical shifts deduced from fully assigned sequen-
tial backbone solution NMR spectra, two additional helical seg-
ments were identified in addition to the TM helix (Fig. 4B). The
solution NMR structure of synaptobrevin shows three well-
ordered helices: helix I (residues 36-54), helix II (residues 77-
88), and the TM helix (residues 93-115), all connected by flexible
unstructured regions (Fig. 5A). It is surprising that residues 36-
54 form helix I before synaptobrevin interacts with target SNARE
proteins since these residues are part of the SNARE motif (residues
28-84) and were observed as unstructured in previous NMR stud-
ies in aqueous solution. Because of their higher propensity to form
a helix near membrane surfaces, it is likely that these residues form
a nucleation site for trans-SNARE complex formation, whereas the
less structured C-terminal portion of the SNARE motif may serve as
a “stop-folding” signal. Importantly, helix I stops right at the criti-
cal “0"-layer residue Arg56, underscoring the functional signifi-
cance of the “0”-layer in SNARE assembly. Helix II is formed in
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the juxtamembrane region of synaptobrevin, consistent with an
earlier NMR study of the soluble fragment in aqueous solution.
The short 4-residue flexible linker (Trp-Trp-Lys-Asn) between the
helix II and the TM helix is likely important in converting the
trans-SNARE into the cis-SNARE complex. The flexibility of this
segment is needed to tilt and accommodate the folding of the
trans-SNARE complex between the two approaching membranes,
and its shortness is needed to allow for an efficient coupling
between SNARE complex folding and merging the two membranes.
When a soluble construct of synaptobrevin (residues 1-96) is
transferred from an aqueous to a DPC environment, similar confor-
mational preferences of the different segments are observed. It is
clear that the presence of a membrane mimetic influences the con-
formation of this protein and that the formation of helix I results
from its interaction with a membrane interface.

Rizo and co-workers have confirmed that the N-terminal half of
the SNARE motif of synaptobrevin adopts an o-helical structure in
DPC micelles [45]. However, they also found that the same region
remains unstructured in POPC/DOPS nanodiscs or in three types of
vesicles with different lipid compositions since their NMR spectra
are very similar to that of synaptobrevin (1-96) in aqueous buffer.
Transverse relaxation measurements revealed no apparent
enhancement of relaxation or decrease in signal intensity for resi-
dues 1-74 encompassing the SNARE motif. These authors con-
cluded that the helical content of synaptobrevin in DPC was
induced by the micelle environment and that it would not associ-
ate with a membrane interface in a more native bilayer
environment.

A combined solution NMR and EPR study of synaptobrevin in
micelles, bicelles, and vesicles reconciled the two seemingly con-
tradicting results [46]. When synaptobrevin was solubilized in
DMPC/DHgPC bicelles, the N-terminal half of the SNARE motif
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Fig. 5. Structure models of synaptobrevin, syntaxin, complexin, and o-synuclein in lipid bilayer membranes. (A) Solution NMR structure of synaptobrevin in DPC (PDB code:
1KOG); (B) full-length syntaxin: solution NMR structure of syntaxin (residues 183-288) in DPC (PDB code: 2M8R) is linked with the NMR structure of the soluble Habc
domain (residues 27-146) (PDB code: 1BRO) and the N-peptide (residues 1-12) (PDB code: 3C98); (C) complexin: the structure of the AH and CH helices, taken from the
crystal structure of the complexin/SNARE co-complex (PDB code: 1KIL), is linked with the presumed helix-prone N- and C-termini that can tether complexin to the
membrane; (D) solution NMR structure of a-synuclein in SDS micelles (PDB code: 1XQ8). The NTR and CTR can tether o-synuclein to the membrane. The protein domains are

colored as in Fig. 2.
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was no longer a stable helix as in DPC micelles since no character-
istic a-helical secondary chemical shifts were observed by solution
NMR (Fig. 4C). Nevertheless, measurements of '°N R; and R relax-
ation rates (Fig. 4D) indicated that this region undergoes confor-
mational exchange on a micro-second to milli-second timescale
and additional NMR relaxation dispersion experiments narrowed
this exchange rate down to a relatively fast process (about 10°
s ). Interestingly, this chemical exchange process persists in vesi-
cles, albeit to a lesser extent. Site-directed spin-label EPR spec-
troscopy was employed to further analyze this fast-exchange
process. Two motional components were discovered for all labeled
synaptobrevin sites in lipid bilayer vesicles, large q=2 bicelles,
small q = 0.4 bicelles, and DPC micelles. The fast motional compo-
nent was consistent with that of an unstructured aqueous segment
and the slower motional component was consistent with a
structured amphipathic segment associated with the membrane-
solution interface. In DPC micelles, the structured/interfacial com-
ponent occupied more than 80% of the population, whereas in
POPC/POPS vesicles, the unstructured/mobile component was pop-
ulated to more than 65%. The combined NMR and EPR data there-
fore indicate that membrane association and partial helix
formation of the SNARE motif of synaptobrevin occurs in every
membrane-mimetic environment examined, but does so to a
greatly reduced extent as the interface becomes more planar. This
dependence on the curvature of the interface explains the differ-
ences observed by NMR among DPC, bicelles, nanodiscs, and bilay-
ers. Since membrane fusion depends on the interaction of
synaptobrevin with the plasma membrane t-SNARE complex in a
region of high protein and lipid content with possibly changing
curvature, it is possible that the dynamic exchange between these
two conformations could be functionally important. The
membrane-associated state of synaptobrevin may well function
to nucleate SNARE complex assembly, whereas the acceptor t-
SNAREs more likely first encounter synaptobrevin in the aqueous
state. In addition, since the curvature of the interface is expected
to change in fusion intermediates, the aqueous-membrane parti-
tioning of synaptobrevin may change at different stages of mem-
brane fusion and thereby influence the kinetics of SNARE
complex assembly and hence the fusion rate.

3.2. Syntaxin

Syntaxin is an integral membrane protein with a single
C-terminal TM helix residing in the plasma membrane. In
SNARE-mediated membrane fusion, syntaxin and SNAP-25, i.e.
the neuronal target membrane SNAREs (t-SNAREs), form the accep-
tor SNARE complex (or t-SNARE complex) on the plasma mem-
brane. Similar to synaptobrevin, syntaxin has a 70-residue
SNARE motif that is continuous with the TM helix as visualized
in the crystal structure of the post-fusion membrane-embedded
SNARE complex [41]. In addition to the SNARE motif and TM
domain, syntaxin has two regulatory domains: an autonomously
folded three helical bundle Habc domain and a short N-terminal
peptide (N-peptide) (Fig. 2). Although neither of these two
domains is required for fast fusion in vitro, the interactions of these
domains with the SNARE motif in the presence of Munc18,
Munc13, and other effector proteins are required for regulated
SNARE-mediated fusion in vivo. In a crystal structure of a complex
of soluble syntaxin and Munc18, the Habc domain and the SNARE
motif form a “closed” conformation [47]. Since this “closed” con-
formation cannot facilitate SNARE assembly, it has been proposed
that Munc18 and Munc13 control synaptic vesicle fusion by regu-
lating the dynamic equilibrium between the “closed” and “open”
conformations of syntaxin [48]. Interestingly, a recent EPR study
found that this equilibrium is shifted towards the “open” state
on the surface of a membrane compared to the same complex in

solution [49]. In addition, the membrane-bound form of syntaxin
can self-aggregate, and the effect of syntaxin clustering on mem-
brane fusion has been explored and debated in the literature [50].

Early solution NMR studies on syntaxin-1a have focused on its
soluble domains in aqueous buffers. The three helix bundle struc-
ture of the Habc domain was solved first by solution NMR (Fig. 5B)
[51] and was later confirmed by X-ray crystallography [52]. NMR
studies on a construct encompassing the whole cytoplasmic region
of syntaxin revealed that its Habc domain still formed a three-helix
bundle, but the remainder of the protein, including the N-peptide,
the SNARE motif and the long linker between the Habc and SNARE
motif were either mostly unstructured or not observed, probably
due to unfavorable conformational exchange [53]. In this isolated
form, syntaxin appears to be present mostly in a “closed” confor-
mation with Munc18 binding preventing the opening of this
conformation.

Full-length syntaxin with its TM domain can be solubilized in
DPC micelles. In this monomeric form, the Habc domain still
appears to be o-helical as indicated by the characteristic
secondary chemical shifts observed by solution NMR [54]. Surpris-
ingly, the SNARE motif exhibits a much more well-ordered o-
helical structure in DPC compared to its soluble counterpart. A
1D-TRACT experiment for measurement of rotational correlation
times could not be fitted to single exponential decays (Fig. 6A),
revealing the existence of distinctly different correlation times in
different regions of this construct, likely reflecting the open/closed
equilibrium of the Habc and SNARE domains. These results suggest
that syntaxin has a higher propensity to be in the open conforma-
tion in membrane mimetic DPC micelles than it does in aqueous
buffer.

To determine the structure of the SNARE motif and TM domain
in a membrane environment, a construct encompassing only the
SNARE motif, the TM domain, and their connecting linker region
has been employed. This construct shows a homogeneous rota-
tional correlation time profile in the 1D-TRACT experiment that
could be fitted to single exponential decays (Fig. 6B) with an aver-
age size of 35-45 kDa for the protein-detergent complex as deter-
mined by NMR relaxation measurements. This size estimate is
consistent with the size estimated from size-exclusion chromatog-
raphy. It signifies that syntaxin exists as a monomer in DPC. It is
also important to note that syntaxin is fully functional in DPC
micelles since an acceptor SNARE complex that was formed under
these conditions can rapidly and efficiently react with synapto-
brevin to form the SDS-resistent SNARE complex [54]. Based on
an extensive collection of NMR constraints, including NOE, param-
agnetic relaxation enhancement (PRE), residual dipolar coupling
(RDC) (Fig. 6C and D), J-coupling, and chemical shift-based dihedral
angles, a high-resolution structure of syntaxin(183-288) in DPC
micelles has been determined (Fig. 5B). This solution structure is
characterized by three well-ordered long a-helices: Hsy (residues
197-224), H3c (residues 227-251), and Hqy (residues 261-282).
When positioned in a hypothetical DPC micelle, the first two
helices lie on the micelle-water interface, whereas the helical axis
of Hy forms a 70° angle against the plane defined by Hyy and Hsc.
The linker region between the Hsc and Hyy is unstructured. Both
Hsn and Hsc are located within the SNARE motif, connected by a
turn at residues Ser225 and GIn226. The GIn226 residue is the sin-
gle Gln residue in the heptad repeat of syntaxin that forms the “0"-
layer in the SNARE complex. This result is reminiscent of the nucle-
ation helix in synaptobrevin, which also stops two residues before
its “0”-layer residue Arg. Thus, both synaptobrevin and syntaxin
have significant propensities for helix formation in their open pre-
fusion states, and the observation that these helices terminate
right before the “0"-layer supports the notion that the “0"-layer
may act as a proofreading site for SNARE complex formation
(Fig. 5A and B) [55].
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Fig. 6. Syntaxin (183-288) is well structured in DPC micelles. 1D-TRACT NMR experiments of (A) the full-length syntaxin (1-288), and (B) syntaxin (183-288) in DPC
micelles. The best-fit single-exponentials to the Ro (red) and RB (blue) components are displayed as solid lines. (C) Two pairs of resonances showing different alignments in a
50% negatively charged acrylamide copolymer gel [85] and a final polymer concentration of 4%. (D) Observed H-N RDC values (red bars) versus residue numbers, with three
stretches of helical segments (200-224, 227-247, and 264-283) fitted to dipolar waves, i.e., sinusoids of periodicity of 3.6 residues [86]. Adapted with permission from

Ref, [54].

The association of the SNARE motif with the interface of DPC
micelles that was observed by NMR also happens in lipid bilayers.
By performing fluorescence interference contrast (FLIC) micro-
scopy on fluorescently labeled syntaxin, the SNARE motif was also
found to be associated with the membrane interface [54]. In addi-
tion, interaction of the SNARE motif with the membrane appears to
be critical for efficient SNARE assembly. After assembly with other
SNAREs the SNARE motif of syntaxin moves away from the mem-
brane surface, likely by changing the conformation of the linker
region.

Solution NMR has also been employed to study the interaction
of SNAP-25 and Munc18 with DPC-bound syntaxin. Whereas the
addition of SNAP-25 does not result in any significant chemical
shift perturbations, the addition of Munc18 induces significant
chemical shift changes [54]. Interestingly, Munc18 appears to
interact only with the Hsy helix, signifying the functional impor-
tance of the segmented structure of membrane-associated syn-
taxin. Therefore, Munc18 likely binds preferentially to the Hsy
helix in SNARE-mediated exocytosis. This also points to a mecha-
nism, in which a partially zippered SNARE complex is arrested at
the “0”-layer, where it could be triggered by additional effectors
to complete zippering and fusion.

3.3. Complexin

Complexin is a highly charged cytosolic protein that is essential
for Ca?*-triggered exocytosis. It is expressed at presynaptic sites

and was found to be colocalized with syntaxin and SNAP-25 [56].
Biochemical studies have shown that complexin binds strongly to
the assembled cis-SNARE complex, but with only limited binding
to individual monomeric SNAREs. Solution NMR studies have iden-
tified a stretch of a-helical residues which were later named the
“accessory” and “central” helices owing to their relative position
and association with the cis-SNARE complex in a crystal structure
of a soluble complexin/SNARE co-complex (Fig. 5C). The precise
functions of the central and accessory helices of complexin have
been hotly debated, with a number of contradicting models that
were each supported by different sets of electrophysiological, bio-
chemical, and biophysical data [20].

In a solution NMR study of full-length C. elegans complexin
(residues 1-143), a subset of resonances exhibit reduced intensi-
ties in the presence of POPC/POPS liposomes [57]. Since these resi-
dues were largely disordered in solution, the reduced intensities
indicate residues that directly interact with the lipid bilayer. Com-
plexin residues preceding residue 92, i.e. the entire accessory and
central helices, were largely unaffected, whereas residues at the
C-terminus exhibited a decrease in signal intensity that depended
on the amount of added liposomes. Additionally, this binding
depended on the curvature of added membranes. When SUVs with
a 30nm diameter were added at 1 mM total lipid, attenuation
was stronger than when large unilamellar vesicles (LUVs) with a

120 nm diameter were added at 13.5 mM total lipid concentra-
tion [58]. In addition to the C-terminal (residues 128-143), an
amphipathic motif (residues 110-124), upstream of the
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C-terminal domain, displayed an even higher preference for bind-
ing to highly curved than to moderately curved lipid bilayers.
Therefore, these two domains likely target complexin to the more
curved synaptic vesicle rather than to the flatter plasma mem-
brane. These results were used to explain in vivo observations of
synaptic activities at neuromuscular junctions with various com-
plexin C-terminal mutants [57].

Dramatic changes of the NMR spectra were observed when DPC
micelles were added to rat complexin (residues 1-134) in solution
(Fig. 7A) [59]. Residues in the N- and C-terminal regions (residues
1-22 and 114-134, respectively) displayed large chemical shift
changes (Fig. 7B). In contrast, residues in the accessory and central
helices displayed almost no chemical shift changes, except for a
few residues at the C-terminal end of the central helix (residues
63-70) that showed modest changes, probably indicating an
extension of the a-helix in this region. It appears that protein-
detergent interactions induce o-helices in the N- and C-terminal
regions of complexin. The lipid-induced helix formation in the C-
terminal region was also observed in C. elegans complexin (resi-
dues 91-143) [60]. When rat complexin was bound to nanodiscs
or liposomes, resonances of the N- and C-terminal residues
revealed dramatic reductions in NMR peak intensities (Fig. 7C),
indicative of lengthened rotational correlation times for these resi-
dues that directly interacted with the bilayers [59]. Regions
between these N- and C-terminal regions, including the accessory
and central helices, showed only small or no intensity changes. The
most dramatic intensity attenuation was observed for the N-
terminal residues 1-12 and the C-terminal residues 114-134, indi-
cating that these residues were simultaneously bound to lipid
bilayers (Fig. 5C). Site-directed spin-labeling EPR data confirmed
the NMR findings, indicating that lipid binding of both terminal
regions depends on membrane curvature with increasing affinity
to more highly curved membranes. In addition, these two regions
bound to lipid bilayers independently, which would be expected
given the long disordered regions connecting the two terminal
domains.

The mechanisms of complexin binding to the t-SNARE complex
and its inhibitory, so-called “clamping” activity on membrane
fusion have been debated extensively. Early NMR studies showed
a direct binding of the central helix of complexin to the soluble
cis-SNARE complex [61], a result that was later confirmed when
the crystal structure of the soluble complexin/cis-SNARE co-
complex was solved [62]. Neither the accessory nor the central
helix of complexin bind to individual SNARE proteins and all previ-
ous structural models for the complexin-SNARE interaction depict
complexin interacting with an assembled or partially assembled
SNARE complex comprising all three SNAREs. By taking advantage
of the monomeric form of syntaxin in DPC micelles, a binary com-
plex of syntaxin:SNAP-25 in a strictly 1:1 ratio can be assembled
[63]. When complexin is added to this 1:1 binary t-SNARE com-
plex, direct binding is observed. A dose-dependent attenuation of
the NMR signals indicates that binding of complexin to the binary
complex is initiated from the C-terminal half of the central helix
and then gradually extends towards both ends of complexin [59].
Importantly, the binding of complexin to the binary t-SNARE com-
plex additionally promotes binding of the N and C-terminal regions
of complexin to the lipid bilayer. EPR spectroscopic data show that
the presence of the 1:1 binary t-SNARE complex increases the par-
tition coefficient of complexin to the membrane 19-fold.

These recent data clearly demonstrate that complexin associ-
ates with the binary t-SNARE complex in the absence of v-
SNAREs and potentially before the initiation of v- and t-SNARE
assembly, providing a plausible starting point for the clamping
activity of complexin. Simultaneous membrane and t-SNARE bind-
ing of complexin inhibits the docking of v-SNARE vesicles and
weakens the affinity of synaptobrevin for the acceptor SNARE
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Fig. 7. N- and C-terminal regions of complexin both interact with membranes. (A)
Overlaid HSQC spectra of complexin in buffer (10 mM each HEPES, MES, and
acetate, pH 6, 150 mM NaCl, 1 mM EDTA) (red) and with the addition of 150 mM
DPC (blue). Spectra were collected at 25 °C and 800 MHz. (B) Combined chemical
shift changes A3, (ppm), DPC-bound minus in buffer, versus their respective
residue numbers. Here, Adyy is defined as [87]: A a

0154 A x> 0276 Ac > 0276 Ac > 0341 Ac°. Each A8
value on the right side of the equation is the chemical shift difference of that
particular nucleus. 'HN chemical shifts were not included in this calculation since
'H chemical shifts are more sensitive to surrounding local magnetic fields, and
hence the value Ad, reflects principally changes in backbone ¢/\sangles. (C) NMR
intensity ratios of complexin bound to POPC nanodiscs (blue bars) or POPC/POPG
(90/10) bilayers (red bars) relative to complexin in buffer. Adapted with permission
from Ref. [59].

complex. These observations support a model, in which complexin
acts to lower the frequency of spontaneous fusion events in neu-
ronal exocytosis by binding to the acceptor t-SNARE complex and
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thereby delaying assembly of the ternary SNARE complex. Perhaps
additional factors, such as Munc18 or Munc13 can re-arrange the
complexin/t-SNARE complex. Upon Ca?* binding, synaptotagmin
may then interact either with this complex or with the fusing
membranes or both to trigger the final steps of v-SNARE assembly,
providing an attractive mechanistic model for the regulation of
exocytotic membrane fusion by calcium.

3.4. -synuclein

The presynaptic protein a-synuclein has attracted much atten-
tion because of its pathological connection to Parkinson’s disease
and other neurodegenerative disorders. The abnormal aggregation
of a-synuclein leads to amyloid formation, a hallmark of Parkin-
son’s disease. At the presynaptic terminal, o-synuclein is abun-
dantly associated with synaptic vesicles; however, its biological
function in its native non-aggregated form is still not clear. In vivo
studies suggested that o-synuclein acts as a special chaperone for
synaptobrevin and that its C-terminal domain interacts with the
N-terminal domain of synaptobrevin [64]. In cysteine string
protein-oo  knockout mice, the full-length, but not the C-
terminally truncated, o-synuclein promotes SNARE complex
assembly [64]. However, another study found no direct interaction
between o-synuclein and SNARE proteins and found that o-
synuclein has an indirect inhibitory effect on SNARE-mediated
membrane fusion [65]. These authors suggested that o-synuclein
sequesters arachidonic acid and thereby inhibits the stimulatory
action of this polyunsaturated fatty acid on synaptic vesicle mem-
brane fusion.

The sequence of a-synuclein encompasses 140 residues with
seven copies of an unusual 11-residue imperfect repeat in the N-
terminal and central regions, followed by a hydrophilic C-
terminal tail. The repeat units share a characteristic lipid-binding
motif that is also present in apolipoprotein and that has long been
proposed as curvature-sensing lipid-binding motif. Solution NMR
studies on o-synuclein confirmed that the N-terminal repeat
domain is indeed detergent- and lipid-binding, especially when
the liposomes contain the negatively charged lipid PS. Ordered
helical structures can be induced in a disordered o-synuclein sam-
ple in buffer by the addition of detergent or liposomes. Based on
the observed secondary chemical shifts and NOE patterns, most
of the 98 N-terminal residues adopt helical structures, with a nota-
ble interruption of the helix around residues 43 and 44. However,
the 42 most C-terminal residues remain unstructured after addi-
tion of detergent micelles [66,67]. The solution NMR structure of
o-synuclein has been determined in SDS micelles (Fig. 5D) [68].
Residues 3-37 and 45-92 form curved o-helices in an antiparallel
arrangement and are connected by a well-ordered linker. This
structure is followed by an unstructured and highly mobile tail
(residues 98-140). The curved helices exhibit average radii of cur-
vature of 77 and 41 A, respectively. These radii are considerably
larger than the radius of a globular SDS micelle ( 23 A). Appar-
ently, the curvature preference of these helices leads to a deforma-
tion of the micelle and has been suggested as evidence that
a-synuclein has the ability to sense curvature and thereby target
membranes with specific curvatures. NMR dynamics measure-
ments singled out a region encompassing residues 30-37, which
includes a known mutant (A30P) of familial Parkinson’s disease.
These residues exhibit large amplitude dynamics on all timescales,
reduced helical content, and their side-chains do not contact the
micelle surface. The reduced stability of this region may promote
the formation of non-helical structures and their initial aggrega-
tion leading to pathological forms of at-synuclein [68].

When bound to negatively charged SUVs, a-synuclein shows a
pattern of gradual attenuation of NMR resonances along the pro-
tein sequence, with the N-terminal region (residues 3-25) showing

the largest attenuation correlating with its strongest binding to the
lipids (Fig. 8A, black traces) [69]. The “invisible” lipid-bound form
of a-synuclein can be studied via transferred NOE experiments
since the exchange between the lipid-bound ordered state and
the unbound disordered state is comparable to or faster than T;.
There appear to be multiple binding modes within the previously
determined helical regions (residues 1-98) in SDS micelles, provid-
ing evidence for a number of distinct lipid-bound species. In addi-
tion, a-synuclein variants implicated in Parkinson’s disease show
differential phospholipid binding properties [70]. The dynamic
equilibrium between these lipid-bound forms may provide a
molecular explanation for the biphasic dependence of amyloid for-
mation on lipid concentration [71]. The N-terminal region (1-25)
adopts an a-helical conformation in all lipid-bound forms and
the 40 most C-terminal residues remain dynamically disordered.
However, they also bind to lipids to an extent (Fig. 5D), which
may be modulated by cis-trans equilibria of the peptide bonds pre-
ceding the five prolines in this sequence [69]. The weak binding of
the unstructured C-terminal domain to lipid bilayers has been con-
firmed in more recent combined solution and solid-state NMR
studies [72,73]. These latter studies also found that the region
comprised of residues 65-97, which has significant overlap with
the non-amyloid-p component (NAC) region (residues 61-95),
has membrane-binding properties that do not depend on the N-
terminal membrane anchor (residues 1-25). These findings
support a “double-anchor” mechanism, in which a single
a-synuclein can crosslink two vesicles with the N-terminal (mem-
brane anchor) and central (membrane sensor) regions each binding
to separate membranes. This model provides a molecular and
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Fig. 8. Solution NMR of a-synuclein. (A) Ratios of wild-type a-synuclein TROSY-
HSQC peak heights in the presence (1) and absence (I,) of lipid bilayer vesicles. Data
from the following three samples are presented: N-terminally acetylated
o-synuclein at a lipid:protein (L:P) ratio of 22 (red circles), nonacetylated
o-synuclein at an L:P ratio of 22 (black triangles), and nonacetylated o-synuclein
at an L:P ratio of 44 (black circles). Reproduced with permission from reference
[75]. (B) In-cell HSQC NMR spectra of a-synuclein in A2780 and SK-N-SH cells (red)
and of isolated N-terminally acetylated o-synuclein in buffer (black). AcM1,
acetylated Met1. Reproduced with permission from Ref. [81].
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structural explanation for the suggested loss of function that corre-
lates with an impairment of vesicle clustering by the A30P mutated
form of familial Parkinson’s disease. Furthermore, the model also
suggests that a-synuclein may act as a molecular chaperone for
the formation of SNARE complexes by crosslinking two mem-
branes prior to SNARE complex formation. This proposed function
attributed to the amyloidogenic NAC domain would provide a
direct mechanistic link between the physiological and pathological
roles of a-synuclein [73].

o-Synucleins that were isolated from Lewy bodies from patients
with dementia were found to be acetylated at the N-terminus [74].
When a-synuclein is N-terminally acetylated, the chemical shifts
of the first 12 residues are perturbed in aqueous buffer, but the rest
of the sequence is not affected, indicating an absence of specific
interactions between the C- and N-terminal regions [75]. The lipid
binding of a-synuclein is strongly enhanced by N-terminal acetyla-
tion, with the strongest enhancement localized in the first 12 resi-
dues (Fig. 8A, red circles). This stronger binding of the N-terminus
also leads to a 2-fold enhancement of lipid binding of residues 25—
90. Similar changes were observed in two different detergents, and
in liposomes with a lower content of negatively charged lipids [76].
Apparently, N-terminal acetylation stabilizes the N-terminal helic-
ity, which leads to an enhanced affinity for lipid-water interfaces. It
is possible that the acetylated N-terminal region plays an initiation
role in an “initiation-elongation” process of o-synuclein binding to
membranes.

It has been debated whether native a-synuclein is a monomer
or a tetramer, or a dynamic mixture of the two [77-80]. A recent
in-cel NMR study showed that exogenously delivered
o-synuclein exists as an N-terminally acetylated, disordered and
highly dynamic monomer in mammalian cells, without detectable
signs of oligomerization, spontaneous aggregation, or targeted
degradation (Fig. 8B) [81]. In this crowded intracellular environ-
ment with an abundance of membranes, a-synuclein adopts com-
pact, but not stably folded or fully membrane-associated
structures. It is likely that the compact form of a-synuclein pro-
tects the hydrophobic residues of the amyloidogenic NAC domain
from interactions leading to oligomerization. Critical residues act-
ing as “interaction hotspots” may be required to form nucleating
oligomers of a-synuclein, possibly through transient binding to
cellular membranes.

4. Conclusions and outlook

SNARE-mediated membrane fusion is a dynamic process that is
orchestrated by both weak and strong interactions of many pro-
teins and lipids. Using a range of solution NMR techniques, we
have learned a lot in recent years about the structure and dynamics
of a number of SNARE and related proteins in membrane environ-
ments. In the four examples summarized in this review, these pro-
teins all show the formation of ordered structures induced by the
presence of membrane lipids. In the case of synaptobrevin and syn-
taxin, ordered regions are present in the SNARE motif before
SNARE complex assembly, and the population of ordered confor-
mations may be enhanced by increased membrane curvature.
These pre-existing ordered domains may serve as nucleation sites
for SNARE assembly and support the N- to C-terminal zippering of
SNAREs and the formation of the four-helix bundle of the final
folded SNARE complex. In the case of complexin and a-synuclein,
N- and C-terminal regions show membrane-induced and
curvature-dependent helix formation to various degrees. The pres-
ence of these membrane-binding, curvature-sensing domains leads
to synaptic vesicle-recognition models, which in turn have been
used to explain the clamping or vesicle clustering functions of
these two proteins. In addition to protein-membrane interaction,
protein-protein interactions can also be modulated by the close

proximity of membranes. At least in two cases, these interactions
are different than what had been observed with soluble domains
alone in aqueous buffers. In DPC micelles, Munc18 interacts specif-
ically with the Hsy helix of syntaxin, which may indicate that the
role of Munc18 in facilitating SNARE assembly involves its prefer-
ential binding to that helix of syntaxin. In lipid vesicles, the coop-
erative binding of complexin to the 1:1 binary t-SNARE complex
and the membrane provides a straightforward explanation of the
clamping activity of complexin in regulated exocytosis.

There is no doubt that solution NMR of membrane-associated
SNAREs and related proteins has re-shaped our view of how these
proteins facilitate membrane fusion. As summarized in this review,
the combination of NMR with other techniques, such as EPR and
fluorescence spectroscopies, as well as functional in vitro and
in vivo studies, provides a very powerful approach to elucidate
the elusive molecular mechanism of SNARE-mediated membrane
fusion. Since the proteins discussed share many characteristics of
intrinsically disordered proteins (IDPs), solution NMR techniques
are highly suitable and perhaps the only high-resolution methods
available to study the structures and dynamics of this class of pro-
teins [82,83]. We envision that other SNAREs and related proteins,
SNARE assembly intermediates, and complexes between SNARE
and SNARE-effector proteins undergo conformational changes in
membranes, perhaps with different twists and new surprises.
Therefore, we expect that solution NMR of this class of proteins
in membrane-mimetic environments will continue to play a major
role in elucidating the dynamic nature of SNARE-mediated mem-
brane fusion.
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Glossary

ATP: adenosine triphosphate
CD: circular dichroism
CHAPS: 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
CHAPSO: 3-[(3-cholamidopropyl)dimethylammonio]-2-hydroxy-1-
propanesulfonate
CMC: critical micelle concentration
DDM: n-dodecyl-B-maltoside
DHgPC: 1,2-dihexanoyl-sn-glycero-3-phosphocholine
DH,PC: 1,2-diheptanoyl-sn-glycero-3-phosphocholine
DMPC: 1,2-dimyristoyl-sn-glycero-3-phosphocholine
DOPS: 1,2-dioleoyl-sn-glycero-3-phospho-L-serine
DPC: dodecylphosphocholine
EM: electron microscopy
EPR: electron paramagnetic resonance
FLIC: fluorescence interference contrast
FTIR: Fourier-transform infrared
HSQC: heteronuclear single quantum correlation
IDP: intrinsically disordered protein
LDAO: lauryldimethylamine oxide
L:P: lipid:protein
LUV: large unilamellar vesicle
MSP: membrane scaffold protein
NAC: non-amyloid-p component
NMR: nuclear magnetic resonance
NOE: nuclear Overhauser effect
NSF: N-ethylmaleimide sensitive factor
-0G: octyl-p-glucoside
OmpX: outer membrane protein X
PC: phosphatidylcholine
PG: phosphatidylglycerol
POPC: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
POPE: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
POPG: 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol)
POPS: 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine
PRE: paramagnetic relaxation enhancement
PS: phosphatidylserine
RDC: residual dipolar coupling
SDS: sodium dodecyl sulfate
SM: Sec1/Munc18
SMA: styrene-maleic acid
SMALP: SMA lipid particle
SNAP: soluble NSF attachment protein
SNAP-25: synaptosomal-associated protein 25
SNARE: soluble N-ethylmaleimide sensitive factor attachment protein receptor
SUV: small unilamellar vesicle
TM: transmembrane
TRACT: TROSY for rotational correlation times
TROSY: transverse relaxation optimized spectroscopy
t-SNARE: target membrane SNARE
VAMP: vesicle associated membrane protein






