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The investigation of molecular mechanisms is a fascinating area of current biological research that unites efforts from scientists with
very diverse expertise. This review provides a perspective on the characterization of protein interactions as a central aspect of this
research. We discuss case studies on the neurotransmitter release machinery that illustrate a variety of principles and emphasize the
power of combining nuclear magnetic resonance (NMR) spectroscopy with other biophysical techniques, particularly X-ray crystal-
lography. These studies have shown that: (i) the soluble SNAP receptor (SNARE) proteins form a tight complex that brings the syn-
aptic vesicle and plasma membranes together, which is key for membrane fusion; (ii) the SNARE syntaxin-1 adopts an autoinhibitory
closed conformation; (iii) Munc18-1 plays crucial functions through interactions with closed syntaxin-1 and with the SNARE complex;
(iv) Munc13s mediate the opening of syntaxin-1; (v) complexins play dual roles through distinct interactions with the SNARE
complex; (vi) synaptotagmin-1 acts a Ca>* sensor, interacting simultaneously with the membranes and the SNAREs; and (vii) a
Munc13 homodimer to Munc13-RIM heterodimer switch modulates neurotransmitter release. Overall, this research underlines
the complexities involved in elucidating molecular mechanisms and how these mechanisms can depend critically on an interplay

between strong and weak protein interactions.
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Introduction

Life depends on an immense variety of biological processes
that are often controlled by complex protein machineries. Major
efforts are dedicated to study the molecular mechanisms under-
lying how these machineries function, both because of the funda-
mental value of such knowledge and because it can guide the
design of therapies for diseases that arise from defects in these
systems. Key aspects of these investigations are the discovery
of proteins that govern the process, the analysis of their func-
tions, and the identification of interactions among them.
Detailed characterization of these interactions then becomes
central to gain a true mechanistic understanding. Ultimate goals
of these studies are often to reconstitute the relevant complexes
with purified components, to determine their three-dimensional
structures, and to reveal how rearrangements between com-
plexes underlie the biology of the system. Accomplishing these
goals requires the application of very diverse techniques and
therefore involves the participation of scientists with different ex-
pertise. The resulting interdisciplinary interactions can be ex-
tremely stimulating, but integrating the information obtained
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with different approaches is hampered by the distinct views and
languages characteristic of different disciplines.

This review has the double purpose of offering our perspective
on the study of molecular mechanisms as biophysicists and of
providing an overview on how these mechanisms are elucidated
through the analysis of protein interactions by nuclear magnetic
resonance (NMR) spectroscopy in combination with other bio-
physical techniques. We hope that this review will be useful to
NMR spectroscopists and biophysicists interested in the study
of protein interactions, and will also be helpful for researchers
from other disciplines to understand biophysical studies of mo-
lecular mechanisms. This is a very broad area and attempting to
give a comprehensive account would be impractical. Instead,
we focus largely on what we have learned from our experiences,
presenting case studies on neurotransmitter release that illus-
trate a variety of principles. We start with a brief description of
the neurotransmitter release machinery. Later we discuss some
general considerations on the analysis of protein interactions
and some concepts on basic NMR experiments that are particular-
ly powerful to study protein interactions, before going into the
case studies. From the outset, we would like to emphasize that
all techniques have advantages and limitations, and hence it is
critical to combine approaches that provide complementary
information.



Biophysical analysis of molecular mechanisms

The neurotransmitter release machinery

Neurotransmitter release is a key event in interneuronal
communication. Release involves a series of steps that include
the docking of synaptic vesicles to presynaptic active zones,
priming to a release-ready state and Ca’*-triggered fusion of
the vesicle and plasma membranes (Sudhof, 2004). Central com-
ponents of the release machinery are N-ethylmaleimide-sensitive
factor (NSF), soluble NSF attachments proteins (SNAPs), the
soluble SNAP receptor (SNARE) proteins syntaxin-1, synaptobre-
vin and synaptosomal protein of 25 kDa (SNAP-25; no relation
to SNAPs), and the Secl/Munc18 (SM) protein Munc18-1
(Brunger, 2005; Jahn and Scheller, 2006; Rizo and Rosenmund,
2008; Sudhof and Rothman, 2009). These proteins or their homo-
logs mediate membrane fusion at most intracellular membrane
compartments, underlying a universal mechanism of fusion. The
three SNAREs form a tight ‘SNARE complex’ that bridges the
vesicle and plasma membranes (Supplementary Figure S1;
Sollner et al., 1993a; Hanson et al.,, 1997), which is key for
fusion, while Munc18-1 is also crucial for release (Verhage et al.,
2000), cooperating with the SNAREs in fusion. NSF and SNAPs dis-
assemble the SNARE complex to recycle the SNAREs (Sollner et al.,
1993a; Banerjee et al., 1996; Mayer et al., 1996). Synaptic vesicle
fusion is also governed by Rab3s, small GTPases from the Rab
family that normally mediate vesicle docking and targeting speci-
ficity (Cai et al., 2007).

The regulation of release also depends on specialized proteins
such as the large active zone proteins Munc13-1 and RIM, which
are critical for synaptic vesicle priming (Augustin et al., 1999;
Richmond et al., 1999; Koushika et al., 2001; Schoch et al.,
2002), the synaptic vesicle synaptotagmin-1, which acts as a
Ca’* sensor (Fernandez-Chacon et al., 2001), and complexins,
which bind tightly to the SNARE complex (McMahon et al., 1995)
and play important roles in priming and Ca®" triggering of
release (Reim et al., 2001; Xue et al., 2010; Yang et al., 2010).
A common feature of synaptotagmin-1, Munc13-1, RIM, and
other proteins involved in the release is the presence of C,
domains in their sequences (referred to as C,A, C,B, etc.). These
domains normally function as Ca** and phospholipid-binding
modules, but can also act as protein—protein interaction domains
and sometimes do not bind Ca?* (Rizo and Sudhof, 1998).

General considerations on the study of protein interactions
The identification of protein interactions forms an intrinsic part
of the initial characterization of a biological system. Several
methods based on affinity chromatography on a solid support
are widely employed for this purpose, taking advantage of anti-
body/antigen binding in immunoprecipitations (IPs) or protein/
small molecule interactions in pulldown assays (e.g. with immobi-
lized GST-fusion proteins). These methods led to fundamental
discoveries on the release machinery. For instance, the cloning
of synaptotagmin-1 (Perin et al., 1990) allowed the use of affinity
chromatography to purify syntaxin-1 (Bennett et al., 1992). In
turn, this protein was used to isolate Munc18-1 (Hata et al.,
1993) and complexins (McMahon et al., 1995). This approach
also identified a complex of NSF and SNAPs with syntaxin-1,
synaptobrevin and SNAP-25, which lead to their designation as
SNAREs (Sollner et al.,, 1993b) and eventually to the finding
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that they form the SNARE complex (Sollner et al., 1993a). The
yeast-two-hydrid (Y2H) method is also used extensively to find
binding partners of a protein. This approach becomes a particu-
larly useful alternative to affinity chromatography-based techni-
ques when the known protein is insoluble or difficult to handle
biochemically. For instance, Y2H assays were key to finding pro-
teins that bind to RIMs, which are central components of
the highly insoluble cytomatrix of presynaptic active zones
(Betz et al., 2001; Schoch et al., 2002; Kaeser et al., 2011).

While pulldowns, IPs and Y2H assays have been used success-
fully in innumberable cases, we often find that bona fide interac-
tions were not detected by these methods or interactions
observed by these methods cannot be reproduced with purified,
well-characterized proteins (e.g. Fernandez et al., 2001; Ubach
et al., 2001; Basu et al., 2005; Dai et al., 2005; Dulubova et al.,
2007; Guan et al., 2007, 2008). These inconsistencies can arise
for a variety of reasons. For example, the fusion of a protein to
another polypeptide (for pulldowns or Y2H assays) or binding of a
protein to an antibody can create steric hindrance and prevent
binding to a relevant target. Conversely, weak, non-specific interac-
tions of the protein with an irrelevant factor might be enhanced by
cooperativity with weak interactions of the irrelevant factor with
the antibody, the fused polypeptide or the resin itself. This issue
is of particular concern when binding is performed with a large
excess of immobilized protein and detected by immunoblotting
with antibodies to a putative target, since these methods can
detect even a very small amount of binding and hence are more
likely to yield artifacts unless the interaction is proved to be
saturable and stoichiometric. Misleading results are also likely in
experiments performed with insufficiently characterized protein
fragments. Thus, fragments that aggregate or misfold because
they do not correspond to a complete folding module are often
found to make non-specific interactions with many targets.
Moreover, fusion proteins that are isolated by affinity chromatog-
raphy without further purification might contain non-protein con-
taminants that are not detectable by the typical methods used to
determine protein purity. Such contaminants can mask binding to
physiological targets and/or mediate indirect binding to irrelevant
factors. These problems can be particularly severe for proteins
that are highly positively charged and thus bind tightly to DNA or
RNA [e.g. the synaptotagmin-1 C,B domain (Fernandez et al.,
2001; Ubach et al., 2001)].

Common problems in studies of protein—protein interactions
can also arise from the existence of intramolecular interactions,
from the promiscuity of some proteins, or from the weak nature
of many physiological interactions. Intramolecular interactions
between domains of one protein can hinder intermolecular
binding to a target, leading to inconsistent results when different
fragments are used [e.g. for syntaxin-1 (Calakos et al., 1994;
Dulubova et al., 1999; Hazzard et al., 1999)]. Protein promiscuity
can be a serious problem in some cases. For instance, syntaxin-1
has been reported to bind to more than 50 other proteins (Jahn
and Scheller, 2006; Rizo and Rosenmund, 2008), many of which
are unlikely to be relevant targets [e.g. syntaxin-1
co-immunoprecipitates with potassium channels that do not
reside in the same subcellular compartment (Fletcher et al.,
2003)]. Conversely, weak but relevant physiological interactions
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may not be detected in co-IPs or pulldown assays if the off-rates
are fast and bound targets are lost during the resin washing
steps. This issue poses an important problem because many
regulatory interactions are relatively weak. Interesting alterna-
tives to the pulldown assays to overcome some of their problems
and facilitate the detection of weak interactions are the ‘holdup’
and the ‘catchup’ assays (Charbonnier et al., 2006).

After their initial identification, protein interactions should be
verified using purified proteins that are well characterized (e.g.
by chromatography, UV spectroscopy, and some biophysical tech-
niques). Native gel electrophoresis and gel filtration offer simple
tools to test whether two proteins bind in vitro. These methods
have the advantage that they do not require tags, but normally
they only detect relatively tight interactions (Kg <1 wM). A wide
variety of biophysical techniques are available to test protein
interactions, to determine their stoichiometry and affinity, and/
or to characterize their nature at different levels of detail. Some
of the most used techniques are isothermal titration calorimetry
(ITC), analytical ultracentrifugation, fluorescence anisotropy,
fluorescence resonance energy transfer (FRET), circular dichroism
(CD), dynamic light scattering (DLS), multi-angle laser light scat-
tering, small angle X-ray scattering, electron paramagnetic reson-
ance (EPR), surface plasmon resonance, electron microscopy
(EM), NMR spectroscopy and X-ray crystallography. Each of
these techniques provides different types of information and
suffers from different drawbacks; hence, it is always advisable
to use them in combination. For instance, ITC is the method of
choice for thermodynamic analysis of protein interactions but
requires relatively high protein concentrations, typically micromo-
lar and measurable heats of binding. On the other hand, FRET and
fluorescence anisotropy are highly sensitive and provide struc-
tural and mobility information, respectively, but usually require
the attachment of fluorescence probes that could hinder or
enhance an interaction.

X-ray crystallography, NMR spectroscopy, EM and EPR are the
main tools used to characterize protein interactions at or near
atomic resolution, which provides a fundamental framework to elu-
cidate molecular mechanisms. However, even these powerful tech-
niques can lead to misleading results (see examples below).
Importantly, all these techniques are normally applied in vitro and
it is crucial to verify that the protein interaction under study is
physiologically relevant. In our opinion, the most definitive ap-
proach for this purpose involves the design of point mutations
that disrupt or enhance the interaction and the establishment of
quantitative correlations between the effects of these mutations
on binding in vitro and their functional effects in vivo [e.g.
synaptotagmin-1 (Fernandez-Chacon et al.,, 2001; Rhee et al.,
2005), see below]. As a final consideration, we note that bona fide
interactions of a protein from one species and cellular compartment
cannot be assumed to be conserved in homologs of the protein in
other species or compartments, as underscored by the properties
of syntaxins (see below) and by the distinct Ca®*-binding properties
of synaptotagmin-4 from rat and Drosophila (Dai et al., 2004).

Interpretation of two-dimensional heteronuclear NMR spectra
Discussing methods for structure determination is beyond the
scope of this review, but in this section we summarize a few
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concepts on two-dimensional (2D) heteronuclear NMR experi-
ments that can quickly yield a wealth of information on protein
interactions. These concepts will illustrate the power of these
experiments and will help non-experts understand some of the
NMR data described in the case examples.

IH->N heteronuclear single quantum coherence (HSQC)
spectra of ">N-labeled proteins, which are widely used, correlate
directly bonded pairs of *H and *>N nuclei and hence yield one
cross-peak for the backbone amide group of each non-proline
residue of a protein, as illustrated by the *H-*>N HSQC spectrum
of the C,B domain from the Rab3 effector rabphilin (Ubach et al.,
1999; Supplementary Figure S2A). The excellent dispersion of this
spectrum is common for well-folded proteins because their amide
groups have unique chemical environments. *H-'>N HSQC spectra
are thus like protein fingerprints and changes in these finger-
prints report on binding interactions or structural changes.
Binding of a small ligand typically induces selective shifts in the
cross-peaks from residues near the binding site, thus revealing
the site. This is illustrated in Supplementary Figure S2B for
Ca”* binding to the rabphilin C,B domain, which causes shifts se-
lectively in the cross-peaks from residues near its Ca>*-binding
region (Ubach et al., 1999). Note, however, that chemical shift
changes resulting from conformational changes that propagate
from the binding site cannot be deconvoluted from those reflect-
ing direct protein—protein contacts. Therefore, chemical shift
mapping experiments must be interpreted with caution.

Titrations can yield additional information from *H-'>N HSQC
spectra. If the exchange rate is fast compared with the changes
in chemical shift induced by binding (which can range from 0 to
1000 Hz, or even higher), the cross-peaks gradually move from
their free-state positions to the bound-state positions during
the titration. This is illustrated by the cross-peak highlighted in
red in Supplementary Figure S2C, which shows superimposed
expansions of *H-1>N HSQC spectra of the synaptotagmin-1 C,A
domain acquired with increasing Ca?* concentrations. Thus, the
red cross-peak moves gradually from the Ca’*-free to the
Ca**-bound position. The titration revealed three components
with movement in different directions, reflecting consecutive
binding of Ca" at three distinct but nearby sites with distinct af-
finities (Ubach et al., 1998). The patterns of cross-peak move-
ments provided key clues to elucidate the three Ca®"-binding
sites, which were then verified by mutagenesis. For instance,
the third component of the titration was lost after mutating a
ligand (5235) that coordinates only the site with lowest affinity
(Supplementary Figure S2D).

If the exchange rate is in an intermediate regime, i.e. if binding
and dissociation kinetics are comparable to the changes in chem-
ical shift induced by the interaction, binding leads to cross-peak
broadening (referred to as chemical exchange broadening). This
behavior can also be used to map the binding site. If the exchange
regime is slow, the *H-'>N HSQC cross-peaks from the free state
disappear gradually and those from the bound state appear grad-
ually, as illustrated in Supplementary Figure S2E and F, by a Ca®*
titration of the C,A domain from the active-zone protein piccolo
(Gerber et al., 2001). Slow exchange regimes are normally asso-
ciated with high-affinity binding (e.g. K4 < 1 wM), but can also
occur for low-affinities if ligand binding requires a conformational
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change. In the case of the piccolo C,A domain, the Ca** affinity is
in the low mM range (Supplementary Figure S2F), but a large con-
formational change is required for Ca>* binding to occur (Garcia
et al.,, 2004). Note that substantial conformational changes
upon ligand binding normally lead to widespread changes in
the 'H->N HSQC spectra (e.g. Supplementary Figure S2E),
which prevents definition of the ligand-binding site by this
method.

TH->N HSQC spectra can also be used to map the region of a
5N-labeled protein that binds to an unlabeled protein. In these
studies, in addition to inducing chemical shift changes and/or
chemical exchange broadening, binding should cause overall
broadening of NMR signals due to the increased size of the
complex with respect to the isolated **N-labeled protein. Such
broadening limits the size of the protein complexes that can be
studied, but transverse relaxation optimized spectroscopy
(TROSY) dramatically alleviated this problem, allowing the study
of complexes of 100 kDa and beyond (Riek et al., 2002). The
overall broadening caused by binding of an unlabeled protein
should in principle extend to most cross-peaks from the
!5N-labeled protein, but cross-peaks from flexible regions may
remain largely unaffected if they are not involved in binding
because internal motions lead to very sharp resonances for flex-
ible regions regardless of the molecular size. A dramatic
example of this notion is provided by the *H-*N HSQC spectrum
of the synaptic vesicle SNARE synaptobrevin (116 residues)
reconstituted into 100 nm lipid vesicles (Brewer et al., 2011).
Even though the effective molecular weight of the vesicles is in
the 100-MDa range, the *H-">N HSQC cross-peaks of residues
1-74 are still observable with high sensitivity even at 9 pM
protein concentration because these residues remain flexible
(Supplementary Figure S2G, red contours). This feature can be
used to identify flexible tails in proteins and remove them to facili-
tate crystallization (e.g. Guan et al., 2007).

The concepts discussed above also apply to other types of 2D
heteronuclear NMR experiments. Increasingly used are 'H-*3C
methyl HMQC (methyl TROSY) spectra of highly deuterated pro-
teins that are selectively *H,">C-labeled at lle, Val, Leu and/or
Met methyl groups (below referred to as 2H,">CH;-IVLM labeling,
where IVLM may change depending on the residues that are >CHs
labeled; Rosen et al., 1996; Gardner and Kay, 1998; Ruschak and
Kay, 2010). These spectra have very high sensitivity even for large
protein complexes, as shown by studies of 0.2—1 MDa complexes
(Kreishman-Deitrick et al., 2003; Sprangers and Kay, 2007; Gelis
et al., 2007; see also below). Heteronuclear 2D NMR experiments
are also useful to detect intramolecular interactions within pro-
teins, as shown for syntaxin-1 below (Dulubova et al., 1999)
and by other examples (e.g. Kim et al., 2000; Harper et al.,
2003). In addition, these experiments can be acquired in one-
dimensional (1D) mode (referred to as 1D '°N- or *3C-edited
"H-NMR spectra) with very high sensitivity even at low micromolar
protein concentrations because the 'H signals are not dispersed
into a second dimension (Arac et al.,, 2003; Dulubova et al.,
2005; Ma et al., 2011). Monitoring the decrease in signal inten-
sities in these spectra upon addition of an unlabeled protein pro-
vides a facile tool to monitor binding and determine the affinity of
the interaction.
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Coupling between SNARE and Munc18-1 function

The SM protein Munc18-1 and the SNARE proteins syntaxin-1,
SNAP-25 and synaptobrevin form part of the core machinery
that controls neurotransmitter release (Supplementary Figure S1;
Rizo and Rosenmund, 2008; Sudhof and Rothman, 2009). The
SNAREs contain ca. 65-residue sequences called SNARE motifs.
Synaptobrevin and syntaxin-1 each contain one SNARE motif pre-
ceding a C-terminal transmembrane (TM) region that is anchored
to the vesicle or plasma membrane, respectively; SNAP-25 con-
tains two SNARE motifs. CD and NMR data revealed that the iso-
lated SNARE motifs are largely unstructured (Fasshauer et al.,
1997; Dulubova et al., 1999; Hazzard et al., 1999). EM and
FRET studies showed that the SNARE motifs of synaptobrevin
and syntaxin-1 bind in a parallel fashion, leading to the notion
that SNARE complex assembly brings the vesicle and plasma
membranes together and is key for membrane fusion (Hanson
et al.,, 1997; Lin and Scheller, 1997). EPR and X-ray crystallog-
raphy showed that the SNARE complex consists of a parallel four-
helix bundle formed by the four SNARE motifs of synaptobrevin,
syntaxin-1 and SNAP-25 (Poirier et al., 1998; Sutton et al.,
1998; Figure 1A).

Syntaxin-1 contains an N-terminal region that was shown by
NMR spectroscopy to include a three-helix bundle (the Hgpc
domain; Fernandez et al., 1998; Figure 1A). Comparison of the
TH-1>N HSQC spectra of syntaxin-1 fragments spanning the iso-
lated H,,. domain or the H,,. domain plus the SNARE motif
revealed shifts in multiple cross-peaks of the H,,. domain
(Figure 1B), showing that syntaxin-1 forms a ‘closed conform-
ation’ where the H,,. domain binds intramolecularly to the
SNARE motif (Dulubova et al., 1999). This closed conformation is
incompatible with the SNARE complex, explaining why syntaxin-1
binding to synaptobrevin was observed in the absence but not
in the presence of the H,,. domain (Calakos et al., 1994;
Hazzard et al., 1999).

Functional and reconstitution studies supported the notion that
the SNAREs are crucial for membrane fusion, but a fundamental
question is how their function is coupled to Munc18-1 (Rizo
and Rosenmund, 2008; Sudhof and Rothman, 2009). Munc18-1
binds very tightly to isolated syntaxin-1 (Hata et al., 1993)
[Kg=1.4nM by ITC (Burkhardt et al., 2008)]. 'H->N HSQC
spectra revealed that a mutation in syntaxin-1 that impairs
Munc18-1 binding (called ‘LE mutation’) disrupts the closed con-
formation, showing that the syntaxin-1 closed conformation binds
to Munc18-1 (Dulubova et al., 1999). The crystal structure of the
syntaxin-1/Munc18-1 complex revealed that Munc18-1 contains
three domains and forms an arch shape with a cavity that
binds to closed syntaxin-1 (Misura et al., 2000; Figure 1C).
Correspondingly, Munc18-1 binding to syntaxin-1 hinders
SNARE complex formation (Dulubova et al., 1999; Burkhardt
et al., 2008; Ma et al., 2011), and knockin mice bearing the LE mu-
tation in syntaxin-1 exhibit an increase in the synaptic vesicle
release probability, supporting the physiological relevance of
the closed conformation and its autoinhibitory role (Gerber
et al., 2008).

While important, these results did not explain why Munc18-1
is essential for neurotransmitter release (Verhage et al., 2000).
Furthermore, the SM protein Seclp (the yeast homolog of
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Figure 1 Munc18-1/SNARE coupling. (A) Ribbon diagrams of the syntaxin-1 H,,. domain (orange; Fernandez et al., 1998) and the SNARE
complex four-helix bundle (syntaxin-1 yellow, SNAP-25 green, SNAP-25 red; Sutton et al., 1998); TM regions are represented by cylinders
and other sequences by dashed curves. (B) *H-'>N HSQC spectra of the syntaxin-1 H,pc domain (residues 27-146; red) and of a longer fragment
including the SNARE motif (residues 26-253; black; Dulubova et al., 1999). (C) Ribbon diagram of the Munc18-1/closed syntaxin-1 complex
(Burkhardt et al., 2008). The three domains of Munc18-1 (D1-D3) are in different shades of purple. The syntaxin-1 linker and SNARE motif are in
yellow; the N-peptide (labeled N) and H,,. domain are in orange, and the sequence between them (not observable) is represented by a dashed
curve. (D) 1D C-edited *H-NMR spectra of >C-labeled Munc18-1 in the absence and presence of different concentrations of unlabeled SNARE
complex (below the spectra). Modified from Dulubova et al. (2007), copyright (2007) National Academy of Sciences, USA. (E) *H-*>N HSQC
spectra of the syntaxin-1 cytoplasmic region in the absence (black) and presence (red) of Munc18-1. Spectra were plotted at high contour
levels to emphasize the strong cross-peaks of flexible regions of syntaxin-1 and illustrate how the cross-peaks of residues T5 and T10 from
the flexible N-peptide are broadened beyond detection upon binding to Munc18-1. (F) *H-'>N HSQC spectra of the syntaxin-1 N-terminal
region (residues 2—180) in the absence (black) and presence (red) of the Munc18-1 N-terminal domain. Panels E and F modified with permission
from Khvotchev et al. (2007). (G-J) Emission fluorescence spectra of Munc18-1 labeled with BODIPY before (black) or after (red) binding to
closed syntaxin-1 (G), the SNARE complex (H and 1), or the SNARE four-helix bundle (J) containing acceptor probes. Models below the
spectra illustrate the binding modes of the complexes and the approximate locations of the fluorescence probes (color coding as in panels
A and (). Panels G-) adapted with permission from Xu et al. (2010), copyright (2010) American Chemical Society. (K) The model of how
Munc18-1 and the SNAREs could cooperate in membrane fusion. The key aspect of this model is that Munc18-1 (purple) bound to the assem-
bling SNARE four-helix bundle prevents the approximation of the synaptic vesicle and plasma membranes (gray) at the same time that the
SNARESs pulls them together; the resulting combination of forces (illustrated by the arrows) bends the two membranes to initiate membrane
fusion (Rizo et al., 2006; Dulubova et al., 2007; Xu et al., 2010).
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Munc18-1) was found to bind to the SNARE complex instead of its
cogante syntaxin (Carr et al., 1999), and NMR and other biophys-
ical data showed that only a subset of syntaxins adopt a closed
conformation (Nicholson et al., 1998; Fiebig et al., 1999;
Dulubova et al., 2001, 2002; Yamaguchi et al., 2002; Furgason
et al., 2009). Furthermore, syntaxins from several membrane com-
partments were found to bind to their cognate SM proteins
through a sequence at the very N-terminus (called N-peptide;
Bracher and Weissenhorn, 2002; Dulubova et al.,, 2002;
Yamaguchi et al., 2002). This confusing picture was partially
reconciled by the discovery that, contrary to previous conclusions
from GST pulldowns (Yang et al., 2000), Munc18-1 binds to the
SNARE complex, as demonstrated by several methods including
the decreased intensity of 1D *>C-edited 'H-NMR spectra of
13C-labeled Munc18-1 upon addition of the SNARE complex
(Figure 1D; Dulubova et al., 2007; Shen et al., 2007). Titrations
using these spectra yielded a Ky of ca. 300 nM (Dulubova et al.,
2007; Deak et al., 2009).

These results and data from other systems (Carpp et al., 2006;
Latham et al., 2006; Stroupe et al., 2006) suggest that all SM pro-
teins bind to SNARE complexes and that this interaction underlies
the crucial role of SM proteins in membrane fusion, as predicted
by a model of how SM proteins cooperate with the SNAREs in
fusion (Rizo et al., 2006). However, the nature and mechanism
of action of Mun18-1/SNARE complex assemblies are still
unclear. The syntaxin-1 N-peptide is key for Munc18-1 binding
to the SNARE complex with submicromolar affinity (Dulubova
et al., 2007) and was not observed initially in the crystal structure
of the binary syntaxin-1/Munc18-1 complex (Misura et al., 2000).
However, 'H->N HSQC spectra showed that the syntaxin-1
N-peptide does participate in the binary complex (Khvotchev
et al., 2007; Figure 1E), which was confirmed by reanalysis of
the X-ray data (Burkhardt et al., 2008; Figure 1C). Interestingly,
the perturbations in 'H->N HSQC spectra of the syntaxin-1
N-terminal region caused by the Munc18-1 N-terminal domain
(Figure 1F) suggested that these two fragments bind in a similar
mode as in the Munc18-1/syntaxin-1 complex (Khvotchev et al.,
2007). These results and ITC data (Burkhardt et al., 2008)
suggest that the interactions of the syntaxin-1 N-peptide and
Hape domain with Munc18-1 present in the binary complex under-
lie the binding of the SNARE complex to Munc18-1 (see models in
Figure 1G—I). The crucial functional significance of these interac-
tions has been supported by multiple evidence (Khvotchev et al.,
2007; McEwen and Kaplan, 2008; Deak et al., 2009; Rathore
et al., 2010).

NMR and biochemical data indicated that Munc18-1 also binds
to the SNARE four-helix bundle (Dulubova et al., 2007; Shen
et al., 2007), but it was unclear whether this interaction is com-
patible with binding to the syntaxin-1 N-terminal region. Studies
with donor and acceptor fluorescence probes on Munc18-1 and
syntaxin-1, placed at locations that are close in the syntaxin-1/
Mun18-1 complex, yielded strong FRET when Munc18-1 bound
to either syntaxin-1 or to the SNARE complex (Figure 1G and H;
Xu et al., 2010). Placing the acceptor probe on synaptobrevin to
monitor binding of Munc18-1 to the SNARE four-helix bundle
did not yield FRET if the SNARE complex included the syntaxin-1
N-terminal region (Figure 11), but FRET was observed when the
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isolated four-helix bundle was used (Figure 1)). These and other
results (Shen et al., 2010) suggest that the syntaxin-1 N-terminal
region and the SNARE four-helix bundle compete for binding to
Munc18-1, leading to a model whereby Munc18-1 transits
through at least three different types of interactions with the
SNAREs. In this model, Munc18-1 first binds to closed syntaxin-1,
which inhibits release and provides a key point of regulation
(Figure 1G); when syntaxin-1 opens, Munc18-1 remains bound to
the syntaxin-1 N-terminal region (Figure 1H and I), and later
Munc18-1 translocates to the SNARE four helix bundle (Figure 1J;
Xu et al., 2010). Such translocation could be facilitated by interac-
tions with the membranes, as suggested by some biochemical data
(Shen et al., 2007), and could allow Munc18-1 to cooperate with
the SNARE complex in applying force to bend the membranes
and initiate fusion (Figure 1K; Rizo et al., 2006). This model is
still tentative but, regardless of the validity of the model, studies
of Munc18-1-SNARE interactions provide a vivid illustration of
the complexities entailed in elucidating molecular mechanisms in-
volving interactions between different regions of the same pro-
teins, particularly when some of these interactions are weak,
depend on other factors (e.g. membranes), and change during
the different steps of the biological process. At the same time,
this research underlines the power of biophysical methods to
unravel complex mechanisms and guide further biological studies.

Opening syntaxin-1 with Munc13s

Mammalian Munc13s and their invertebrate homolog Unc13
play a key role in priming synaptic vesicles to a release-ready
state (Augustin et al., 1999; Richmond et al., 1999). A role for
these proteins in opening syntaxin-1 was suggested by the
finding that the open syntaxin-1 LE mutant partially rescues the
priming defects of Unc13 null mutants (Richmond et al., 2001),
and a large C-terminal region called the MUN domain was
found to form a folded module that is responsible for the
priming function of Munc13-1 (Basu et al., 2005).

Liposome co-floatation and single molecule fluorescence
studies showed that the MUN domain binds to membrane-
anchored SNARE complexes or syntaxin-1-SNAP-25 heterodimers,
which involves the cooperation of weak interactions of the MUN
domain with the SNAREs and the membranes (Guan et al.,
2008; Weninger et al., 2008). Heteronuclear 1D and 2D NMR
experiments then showed that the MUN domain binds weakly
to the soluble SNARE complex and very weakly to Munc18-1,
and that both interactions also cooperate with each other
(Ma et al, 2011). Figure 2A illustrates how H-*C HMQC
spectra of 12 uM °H,'>CHs-IVL-labeled MUN domain (73 kDa)
exhibit high sensitivity, and how binding of Munc18-1 (68 kDa)
and the SNARE complex (55 kDa) induces strong broadening
but most cross-peaks of the resulting 200 kDa complex are still
observable. H-'>N HSQC experiments showed that the MUN
domain also binds weakly to the syntaxin-1 SNARE motif,
mapping the binding site to residues 200-226 (Ma et al., 2011;
Figure 2B). These results suggested a model whereby binding
of the MUN domain to the syntaxin-1 SNARE motif, and perhaps
to Munc18-1, could ‘extract’ the SNARE motif from the closed
syntaxin-1-Munc18-1 complex and provide a template to assem-
ble the SNARE complex (Figure 2C).
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Figure 2 MUN-domain function. (A) *H-*>C HMQC spectra of *H,*>C-IVL-

2H-labeled Munc13-1 MUN domain in the absence (black) and presence

(red) of Munc18-1 and the SNARE complex. The expansion in the inset was plotted at lower contour levels to allow the observation of the weaker
cross-peaks. (B) *H->N HSQC spectra of the syntaxin-1 SNARE motif in the absence (black) and presence (red) of the Munc13-1 MUN domain.
The assignments of cross-peaks that disappear upon MUN-domain binding are indicated with the residue number; they correspond to residues
200-226 (diagram above). (C) Model of how the MUN domain (pink) helps to open syntaxin-1 by binding to its SNARE motif (yellow) and pro-
viding a template to assemble the SNARE complex. (D) *H-*>C HMQC spectra of *H,*>C-I-?H-labeled syntaxin-1 bound to Munc18-1 (black) or
forming the SNARE complex (red). Cross-peak assignments are indicated (H3 = SNARE motif). (E and F) Analogous spectra acquired on the
syntaxin-1/Munc18-1 complex after the addition of the synaptobrevin and SNAP-25 SNARE motifs in the absence (E) and presence

(F) of MUN domain. All panels reproduced from Ma et al. (2011).

This model was validated with *H-*>C HMQC spectra of 15 M
13CH;-I-labeled syntaxin-1, which allowed to distinguish between
its complex with Munc18-1 and the SNARE complex (Figure 2D).
TH-13C HMQC spectra acquired as a function of time showed that,
starting with *>CHs-I-labeled syntaxin-1 bound to Munc18-1,
the formation of the SNARE complex with synaptobrevin and
SNAP-25 was very slow, but the addition of the MUN domain
accelerated SNARE complex assembly 100-fold (Ma et al., 2011;
Figure 2E and F). Analogous results were obtained using FRET
assays, which in addition showed that the accelerating activity
of the MUN domain was abolished by a point mutation that dis-
rupts the MUN domain/syntaxin-1 SNARE motif interaction.
These results showed that the MUN domain mediates the

transition from the closed syntaxin-1/Munc18-1 complex to the
SNARE complex, emphasized the importance that weak interac-
tions can have in biological processes, and illustrated the power
of NMR spectroscopy to monitor complicated rearrangements
in multiprotein complexes. It is worth noting that additional
events may occur after syntaxin-1 opens, including the trans-
location of Munc18-1 to the SNARE four-helix bundle (see
above), and that computational analyses and the crystal struc-
ture of part of the MUN domain showed that this domain is
related to tethering factors involved in traffic at diverse mem-
brane compartments (Pei et al, 2009; Li et al, 2011).
This finding suggests that the MUN domain may have an add-
itional function that is shared with tethering complexes,
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perhaps cooperating with Munc18-1 and the SNAREs in mem-
brane fusion.

Complexin—SNARE interactions

Complexins are small (ca. 16 kDa) soluble proteins that bind
tightly to the SNARE complex (McMahon et al., 1995), and play
both active and inhibitory roles in neurotransmitter release
(Reim et al., 2001; Tang et al., 2006; Huntwork and Littleton,
2007; Xue et al., 2007; Maximov et al., 2009). *H-'>N HSQC
spectra showed that complexin-1 is largely unstructured in solu-
tion but its central sequences populate a-helical conformation
and, together with biochemical assays, revealed that these
central sequences are key for SNARE complex binding (Pabst
et al., 2000). *H-'>N TROSY-HSQC spectra of a 2H,*”N-labeled
complexin-1 central fragment showed that a subset of cross-peaks
become well dispersed upon binding to the SNARE complex
(Figure 3A), and *H-">N TROSY-HSQC spectra of SNARE complexes
where syntaxin-1 or synaptobrevin was *H,**N-labeled exhibited
shifts of selected cross-peaks upon complexin-1 binding
(Figure 3B and C), whereas much smaller perturbations occurred
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in analogous spectra with the SNAP-25 SNARE motifs
2H,>N-labeled (Chen et al., 2002).

These results mapped the approximate regions involved in
complexin-1/SNARE interactions, and the solubility optimization
performed to improve the NMR data facilitated co-crystallization
of the complexin-1 fragment with the SNARE complex. The
crystal structure of the complex showed that a central helix of
complexin-1 binds in an antiparallel orientation to the synapto-
brevin and syntaxin-1 SNARE motifs, and that a sequence preced-
ing the central complexin-1 helix is also helical but does not
contact the SNAREs (called accessory helix; Figure 3D; Chen
et al., 2002). This binding mode was fully compatible with the
NMR data, which thus provided an important validation for the
crystal structure as the high percentage of organic solvent in
the crystals might have distorted the complex. Deuterium ex-
change experiments monitored by *H-!>N TROSY-HSQC spectra
showed that complexin-1 binding stabilizes the SNARE complex,
which likely underlies in part the active role of complexins in
neurotransmitter release (Chen et al., 2002). These results pro-
vided a clear illustration of the power of combining NMR

A oGT 1 13 B oTﬁ3 =200 P
. "éﬂ (1 117
113 L TY @ rﬁs
Va4 R“’f jf
— 117 ! 197 229
i 22
E-ﬂ? esaogsl?ﬁ?ﬁ . i WTZ‘#‘ ansczaz 121
2 Reg © E50° j o452 e ..-‘9_5?34 v L
b “ pEso ! M1 pass -‘°° &
121 el ose o4 1212 0 00,
Es1Q oMB2 121 zmﬁ';d ; qu‘(zuaé{ug
koG 9% @gaso ‘Bo @) Y 125
125 ksg o 80 >0 222 LB
AB2 R?“’% '—5‘ Ly
K73p ! i 0 .
s 6 129
93 88 83 78 73 93 88 83 78 73 95 980 B85 8O0 75 7.0
F2 (ppm) F2 (ppm)
D 32 48 ?U 134 F —_
| | )
Accessory central g
helix  helix e
g /"—‘\
: e
o
530 550 570 580 610
K75 @;@12 o Wavelength (nm)
| ;w A30 G Syna_ptic
125 A8o &1 17 vesicle
K739 @¢
© 41 24

Plasma membrane
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spectroscopy and X-ray crystallography to study molecular
mechanisms.

Mutagenesis and electrophysiological studies demonstrated
that binding to the SNARE complex through the central helix is
crucial for the active function of complexin-1 in release and in
addition showed that the N-terminus is also key for this function,
while the accessory helix has an inhibitory role (Xue et al., 2007;
Maximov et al., 2009). Based on the location of the accessory
helix in the crystal structure (Figure 3D), it was proposed that
part of this helix might inhibit release by interfering with assem-
bly of the C-terminus of the SNARE complex (Xue et al., 2007).
This model was supported by some data (Giraudo et al., 2009;
Lu et al.,, 2010), but results obtained with a complexin triple
mutant suggested an alternative model of interference with
SNARE complex C-terminal assembly (Kummel et al., 2011), and
the mechanism of inhibition is still unclear. On the other hand,
*H-1>N HSQC spectra of 2 uM *°N-complexin-1 in the presence
of liposomes containing reconstituted SNARE complex
(Figure 3E) suggested that the complexin-1 N-terminus binds to
the SNARE complex, which was confirmed by 7-nitrobenz-2-
oxa-1,3-diazole fluorescence experiments (Figure 3F; Xue et al.,
2010). Mutagenesis supported the physiological relevance of
this interaction, leading to a model whereby the complexin-1
N-terminus releases the inhibition caused by the accessory
helix and/or stabilizes the C-terminus of the SNARE complex to
assist in membrane fusion. A key aspect of this proposal is that,
although the interaction of the complexin-1 N-terminus with the
SNARE complex C-terminus is weak, it is dramatically favored by
the orientation resulting from the tight binding of the central
complexin-1 helix to the middle of the SNARE complex
(Figure 3G). Although some of the mechanistic details remain to
be elucidated, these results provide another example of how
interplay between strong and weak interactions can play a critical
role in complex molecular mechanisms.

Ca®* sensing by synaptotagmin-1

Since neurotransmitter release was found to be acutely
triggered by Ca’* several decades ago, identifying the Ca’*
sensor(s) that mediates release became a fundamental question
in neuroscience. Synaptotagmin-1 was proposed to be the Ca®*
sensor based on the findings that this protein is localized on syn-
aptic vesicles, contains two C, domains and binds phospholipids
in a Ca”-dependent manner (Perin et al., 1990; Brose et al.,
1992). Strong disruption of release was observed in invertebrates
lacking synaptotagmin-1, but its role as the Ca’" sensor was
questioned because of the persistence of some release in these
animals (DiAntonio et al., 1993; Littleton et al., 1993; Nonet
et al., 1993). In synaptotagmin-1 KO mice, the major fast compo-
nent of release was impaired while the asynchronous component
was unaffected, suggesting that synaptotagmin-1 acts as the
Ca’" sensor for fast release (Geppert et al., 1994).

X-ray crystallography showed that the synaptotagmin-1 C,A
domain forms a B-sandwich structure (Sutton et al., 1995), and
NMR studies yielded the structures of the Ca®*-bound C,A and
C,B domains, showing that they bind three and two Ca’* ions, re-
spectively, through the loops at the top of the B-sandwich
(Figure 4A, and Supplementary Figure S2C and D; Shao et al.,
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1996, 1998; Ubach et al., 1998; Fernandez et al., 2001). Ca®*
binding does not induce substantial conformational changes
but causes a dramatic change in the electrostatic potential of
the C, domains that mediates Ca®*-dependent binding to pho-
pholipids, together with insertion of hydrophobic residues into
the bilayer (Shao et al., 1997; Chapman and Davis, 1998; Zhang
et al., 1998). This knowledge led to the design of point mutations
in the C,A domain that decrease or enhance the apparent Ca*
affinity of synaptotagmin-1 and result in parallel changes in the
Ca®" sensitivity of neurotransmitter release, providing definitive
demonstration that synaptotagmin-1 is the long-sought Ca®"
sensor that triggers fast release (Fernandez-Chacon et al., 2001;
Rhee et al., 2005).

Mutations in the Ca* ligands showed that Ca®" binding to the
C,B domain is more crucial for release than Ca®" binding to
the C,A domain (Fernandez-Chacon et al., 2002; Mackler et al.,
2002; Robinson et al., 2002; Nishiki and Augustine, 2004).
A likely explanation for these results was provided by DLS and
cryo-EM data showing that the C,B domain can bind to two mem-
branes simultaneously (Figure 4B), leading to a model whereby
the synaptotagmin-1 C,B domain brings the vesicle and plasma
membranes together in a Ca®"-dependent manner, thus cooper-
ating with the SNAREs in triggering fusion (Figure 4C; Arac
et al., 2006). This model was supported by the finding that muta-
tions in two arginines in the bottom of the C,B domain (see
Figure 4A), which are key for membrane bridging, strongly
impair release (Xue et al., 2008).

A crucial question to verify this model and understand the mech-
anism of release is how the functions of synaptotagmin-1 and the
SNAREs are coupled, but confusing results were reported about
synaptotagmin-1/SNARE interactions, in part because of the prom-
iscuity of these proteins (Rizo et al., 2006). Moreover, while 1D
13C-edited *H-NMR spectra of *>C-labeled SNARE complex revealed
binding to a synaptotagmin-1 fragment containing its two C,
domains (C,AB fragment), as shown by the decreased signal inten-
sity caused by the C,AB fragment, this decrease was reversed upon
addition of liposomes (Figure 4D). This result indicated that the
C,AB fragment cannot bind simultaneously to membranes and
soluble SNARE complexes, and suggested that SNARE-complex
binding might be irrelevant (Arac et al., 2003). However, it
was plausible that simultaneous binding could occur with
membrane-anchored SNARE complexes, since weak interactions
of the membrane-bound C,AB fragment with the SNARE complex
might be dramatically enhanced by membrane anchoring of the
complex. Indeed, a partition assay using fluorescently labeled
C,AB fragment and supported bilayers that contained or lacked
reconstituted SNAREs complexes, and that were deposited in sep-
arate microchannels, showed a strong preference of the C,AB frag-
ment for the SNARE-complex-containing bilayer (Figure 4E). This
finding and additional fluorescence experiments conclusively
demonstrated that the C,AB fragment can bind at the same time
to the SNARE complex and the lipids (Dai et al., 2007), illustrating
the dangers that the divide-and-conquer approach sometimes
entails. A structural model of the synaptotagmin-1/SNARE
complex assembly built in this study supported the mechanism
proposed in Figure 4C, although a single-molecule FRET study
led to a different structural model (Choi et al., 2010). Hence,
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Figure 4 Binding of synaptotagmin-1 to membranes and the SNARE complex. (A) Ribbon diagrams of the Ca>*-bound C,A and C,B domains of
synaptotagmin-1 (Shao et al., 1998; Fernandez et al., 2001). Ca>" ions are shown as yellow spheres. R398 and R399 at the bottom of the C,B
domain are shown as stick models. (B) Cryo-EM tomography image of phospholipid vesicles clustered by the synaptotagmin-1 C,AB fragment.
Arrows point to mass density from C,AB molecules bridging the membranes. Reproduced from Arac et al. (2006). (C) Model of how the
synaptotagmin-1 C,B domain (blue) helps to trigger Ca’*-dependent membrane fusion by binding simultaneously to the SNARE complex
and the two membranes. Red arrows illustrate that the abundant positive charges of the C,B domain could help bending the membranes to
accelerate fusion (Arac et al., 2006; Xue et al., 2008). (D) 1D *3C-edited *H-NMR spectra of 1.5 pM *3C-labeled SNARE complex alone or
after addition of 2 WM synaptotagmin-1 C,AB fragment with or without liposomes. Adapted with permission from Arac et al. (2003), copyright
(2003) American Chemical Society. (E) Experimental setup whereby fluorescently labeled synaptotagmin-1 C,AB fragment was allowed to par-
tition between plain or SNARE complex-containing supported bilayers deposited into microchannels (left). Confocal images (right) show that the
C,AB fragment partitioned quantitatively to the SNARE complex containing bilayer. Reprinted from Dai et al. (2007), copyright (2007), with per-

mission from Elsevier.

the exact mechanism of synaptotagmin-1 action remains unclear,
but both of these studies emphasized the importance of
synaptotagmin-1/SNARE interactions and their cooperativity
with synaptotagmin-1/membrane binding.

Munc13-1-RIM interactions

In addition to their key function in vesicle priming, Munc13s
play multiple roles in presynaptic plasticity processes that under-
lie multiple forms of information processing in the brain (Rhee
et al., 2002; Junge et al., 2004; Shin et al.,, 2010) and may
involve modulation of the priming activity of the MUN domain
by other Munc13 domains (Basu et al., 2005, 2007). Among
them, the N-terminal C,A domain of Munc13-1 binds to mamma-
lian RIMs (Betz et al., 2001), which are Rab3 effectors that also
play important roles in vesicle priming and presynaptic plasticity
(Koushika et al., 2001; Castillo et al., 2002; Schoch et al., 2002;
Calakos et al., 2004). Binding to the Munc13-1 C,A domain is
mediated by a zinc finger (ZF) domain within the N-terminal
Rab3-binding region of RIMs, and initial pulldown assays sug-
gested that Munc13-1 and Rab3 compete for RIM binding (Betz
et al., 2001). However, more robust gel filtration and *H-'°N

HSQC experiments demonstrated that Munc13-1, RIM and Rab3
actually form a tripartite complex that likely provides a central
link between vesicle priming and presynaptic plasticity
(Dulubova et al., 2005).

Studies of the Munc13-1-RIM interaction provided another
example of the power of combining NMR spectroscopy with
X-ray crystallography. The complex between the RIM ZF domain
and a Munc13-1 fragment containing the C;A domain (residues
3-150) exhibited high-quality *H-'>N HSQC spectra (Figure 5A)
but did not yield crystals (Dulubova et al.,, 2005; Lu et al.,
2006). 'H-°N HSQC spectra of the same Munc13-1 fragment
alone were of much lower quality because of aggregation
(Figure 5B), but analysis of several Munc13-1 fragments by
*H->N HSQC spectra revealed a minimal C,A domain fragment
(residues 3-128) that yielded high quality data (Figure 5C;
Lu et al., 2006). All these Munc13-1 fragments form homodimers,
as shown by equilibrium sedimentation, but only the minimal
fragment yields good NMR spectra because it does not aggregate.
Interestingly, the minimal fragment readily yielded high-quality
crystals, and elucidation of its crystal structure revealed how
the Munc13-1 C,A domain homodimerizes by forming a B-barrel
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Figure 5 A Munc13-homodimer to Munc13-RIM-heterodimer switch. (A and B) *H-*N HSQC spectra of Munc13-1(3-150) bound to the RIM ZF
domain (A) or alone (B). (C) *H-">N HSQC spectrum of Munc13(3-128). (D and E) Ribbon diagrams of the Munc13-1(3-128) homodimer (D) and
the RIM ZF-Munc13-1(3-150)K32E heterodimer (E) (ZF in blue; two molecules of Munc13-1(3-150)K32E in orange and green). (F) ITC analysis
of Munc13-1(3—-150)K32E/RIM ZF domain binding. All panels reproduced from Lu et al. (2006).

through the concave side of the B-sandwich (Figure 5D). The
structure led to the design of a mutation (K32E) that abolishes
homodimerization but does not perturb the RIM ZF domain-
Munc13-1(3-150) heterodimer (Lu et al., 2006). Importantly,
the heterodimer bearing the K32E mutation also yielded high-
quality crystals readily, suggesting that the formation of homodi-
mer hindered the crystallization of the WT heterodimer.
Surprisingly, the crystal structure of the RIM ZF domain-
Munc13-1(3-150)K32E heterodimer revealed a 1:2 stoichiometry
(Figure 5E), even though *H-">N HSQC spectra (Figure 5A) and ITC
(Figure 5F) demonstrated a 1:1 stoichiometry in solution (Lu et al.,
2006). One of the two Munc13-1(3-150)K32E molecules in the
crystal structure (orange in Figure 5E) wraps around the RIM ZF
domain through the C,A domain and a C-terminal a-helical exten-
sion, which corresponds to the bona fide binding mode.
Conversely, the other Munc13-1(3-150)K32E molecule in the
crystals (green in Figure 5E) has much more limited contact
with the RIM ZF domain and binding was likely induced by the ten-
dency of the 1:2 complex to crystallize. This structure illustrates
that, although crystal structures are normally very reliable, no
method is free of potential artifacts. Nevertheless, the crystal
structure of the heterodimer still revealed the structural basis
for RIM-Munc13-1 binding and allowed the design of a mutation
that disrupts the heterodimer and has strong functional effects
(Dulubova et al., 2005). Moreover, recent studies showed that

the vesicle priming defects observed in the absence of RIMs
can be largely rescued by the RIM ZF domain or by a Munc13
mutant bearing the K32E mutation, but not by WT Munc13
(Deng et al., 2011). Hence, the combination of structural and
functional studies has established a clear mechanism whereby
homodimerization of Munc13 via the C,;A domain inhibits the
priming function, and binding of the RIM ZF domain disrupts
the homodimer, activating priming by Munc13.

Perspective

The examples discussed above provide just a small glimpse at
the vast amount of literature available on the study of molecular
mechanisms, but illustrate the power of using diverse biophysical
methods to obtain complementary information. The continuous
development of powerful NMR techniques suggests that NMR
spectroscopy will keep playing an increasingly important role
in this area. Particularly promising is the combination of the
high sensitivity of "H-">C HMQC spectra of 2H,">CH;-labeled pro-
teins (Ruschak and Kay, 2010) with measurements of paramag-
netic broadening and pseudocontact shifts (Otting, 2010) to
study large protein complexes. There are of course continued
technical improvements in many other areas of biophysics, in-
cluding for instance single-molecule fluorescence spectroscopy
(Brunger et al., 2009). The future for the study of molecular
mechanisms is bright.
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