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STRUCTURAL STUDIES OF COMPLEXIN-SNARE INTERACTIONS
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Vesicular neurotransmitter release is mediated by exocytosis of synaptic vesicles
at the presynaptic active zone of nerve terminals. The Ca*'-triggered release process is
extremely fast, lasts less than half a millisecond, and is tightly regulated by Ca*". Action
potentials cause Ca®" influx through voltage-gated Ca>" channels, which in turn triggers
synaptic vesicle fusion. The typical sub-millisecond latency between an action potential
and neurotransmitter release and the precise timing of the release process are crucial for
information processing in the nervous system. To achieve this exquisite regulation, many

proteins are involved.
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The goal of our investigations was to delineate interactions between complexin
and SNARE components that lead to the formation of a primed minimal fusion
machinery. We have generated and used new constructs of short forms of synaptobrevin
and complexin, as well as constructs of SNAP-25 and syntaxin that have previously been

shown to be part of the minimal fusion machinery.

With NMR spectroscopy, the use of the short synaptobrevin constructs has led to
experimental results suggesting at least two key intermediates during the docking/priming
process that are independent of complexin. We found evidence for a modular assembly of
the full SNARE complex. In the absence of Syb2-CT, the N-terminal half of SNARE
complex forms a four-helix bundle, while the C-terminal half, starting just after the polar
layer, is disordered. In the presence of the Syb2-CT, however, both halves of the SNARE
complex form a four-helix bundle. It is interesting to note that Syb2 residues 29-84 are
sufficient for formation of the fully assembled SNARE complex. This evidence strongly

suggests the existence of at least two intermediates during the docking priming reaction.

Furthermore, with NMR spectroscopy, we have found new evidence that
complexin can bind to the t-SNARE complex, in contrast to earlier evidence suggesting
that complexin regulates the fully assembled SNARE complex. We demonstrated that
Cpx-FL binds the t-SNARE complex SN1/SN3/Syxla(188-259) in solution, as was
suggested for membrane-bound t-SNAREs. Note, however, that the t-SNARE complex
does not contain the large complexin-binding interface provided by Syb2. Furthermore,

we found that Cpx-FL also binds t-SNARE sub-complexes formed by SN1/SN3, and

viil



SN1/Syx1a(188-259), while very little binding was observed between Cpx-FL and
Syx1a(188-259) alone. This finding is particularly interesting, because the crystal
structure of the fully assembled SNARE complex does not suggest any binding between
Cpx26-83 and either SN1 or SN3, whereas the only common component in all of the

above experiments was SN1 domain.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Signal Transduction in Neurons

The nervous system is a highly integrated and coordinated system which is
specialized in monitoring and responding to a great variety of stimuli and regulating all
aspects of bodily activities using electrochemical signals. The Nervous systems are found
in many multicellular animals but differ greatly in complexity between species. Main

components of the nervous system are composed of nerves called neurons.

1.1.1  The Nervous System and the Neuron

The nervous system is a complex, highly organized network of billions of
neurons and even more neuroglia. The structures that make up the nervous system
include the brain, spinal cord, nerves, ganglia, enteric plexuses, and sensory receptors.
The neurons are the functional unit of the nervous system and can be divided into
hundreds or even thousands of subgroups depending on their size, location, and shape.
Most neurons have three different parts: (1) a star-like cell body or soma, (2) broad
dendrites emerging from one pole, and (3) a fine axon emerging from the other pole
(Figure 1.1). The cell body contains a nucleus surrounded by cytoplasm; within the
cytoplasm, typical organelles such as lysosomes, mitochondria, and the Golgi complex
can be found. Two kinds of processes or extensions emerge from the cell body of a
neuron: multiple dendrites and a single axon. Dendrites (=little trees) are the receiving or

input portions of a neuron. They usually are short, tapered, and highly branched. The



single axon of a neuron propagates nerve impulses toward another neuron, a muscle fiber,
or a gland cell. This asymmetric shape gives the neuronal network a direction. The cell
body receives input signals from dendrites and passes them to the following neuron by an
action potential. Neurons form specialized structures called synapses to pass the signal to
the following neuron (Figure 1.2). Chemical synapses allow the neurons of the central
nervous system to form interconnected neural circuits. They are important for the
biological computations that underlie perception and thought. The distinctive feature of
these synapses is that the action potentials arriving at the presynaptic terminal lead to the
release of a chemical messenger. The presynaptic terminals are distinct, specialized
structures located at the terminal branches of the axon. They are characterized by an
active zone, a region where the presynaptic plasma membrane comes in close contact
with the postsynaptic plasma membrane, and an associated cluster of vesicles (De Camilli
P, 2001). One neuron transmits signals to the dendrites of other neurons through its

terminals. This transmission is accomplished by releasing the neurotransmitter.

1.1.2  Action Potential and Synaptic Transmission

An action potential or nerve impulse is a sequence of rapidly occurring electrical
events that take place in two phases. During the initial, depolarizing phase, the negative
membrane potential decreases toward zero and eventually becomes positive. Then, the
repolarizing phase restores the membrane potential to the resting state of -70 mV (Jessell
and Kandel, 1993). If the membrane potential is reduced by a threshold of 15 mV to -55
mV, an action potential is generated. Different neurons may have different thresholds for

generation of an action potential, but the threshold in any one neuron usually is constant.
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Figurel.l Structure of a typical neuron. The neuron shown is a typical neuron
of a vertebrate such as the retina of a monkey. The arrows indicate the direction in which
signals are transmitted. The size of neurons are various, and longest and largest neurons
in a human extend for about 1 m and have an axon diameter of 15 um (Drawing of
neuron from B.B. Boycott, in Essays on the Nervous System) (Colonnier, 1974).



Figure 1.2 Ultrastructure of the synapses. A electron micrograph a synapse showing
the pre- and postsynaptic elements with synaptic specializations. The actual points of
synaptic contact are indicated by the arrows. The presynaptic compartment is densely
populated by small, synaptic vesicles that store and secrete neurotransmitters (Liza, 2004).



There are no big or small action potentials in one nerve cell. Therefore, the neuron either
does not reach the threshold or a full action potential is fired. During an action potential,
two types of voltage-gated channels open and then close. These channels are present
mainly in the plasma membrane of the axon and axon terminal. The Na" channels are the
first channels that open; they allow Na' to rush into the cell, resulting in the depolarizing
phase. Then K channels open, allowing K" to flow out, producing the repolarizing phase.
When the membrane potential reaches to 40 mV during the action potential, this
depolarization of the membrane is followed by a rapid repolarization (Hodgkin, 1964;
Huxley, 1964; Katz and Miledi, 1968). Together, the depolarization and repolarization

phases last about 1 millisecond in a typical neuron.

1.1.3  Calcium Dependence of Neurotransmitter Release

To communicate information from one part of the body to another, an action
potential must travel from where it arises at a trigger zone to the axon terminals. The
arrival of the action potential at the presynaptic terminal opens voltage-gated Ca**
channels at the synapse and causes a sudden increase of intracellular Ca®" concentration.
This acute Ca®" influx triggers the actual release of neurotransmitters with an exquisite
temporal specificity through the process of membrane fusion.

A central question is to understand the tight coupling between the increase in
intracellular Ca*", and the activation of the exocytotic synaptic vesicle fusion machinery.
The probability of vesicle fusion increases drastically in the 200 microseconds following
Ca”" influx and returns to much lower levels within 1 millisecond. In order to ensure the

temporal fidelity of synaptic transmission, Ca’" regulated neurotransmitter release is



uniquely rapid and precise, a fact that distinguishes it from other membrane trafficking
processes. Intensive studies of synaptic proteins by multiple approaches have yielded
insights into the molecular basis of the various steps that lead to neurotransmitter release.

Action potential-evoked vesicle release has at least two components, a fast
synchronous component that dominates at low-frequency stimulation, and a slower
asynchronous component that dominates at high-frequency stimulation. Compared to
other Ca*"-regulated biological processes, both components of release are rapid, because
Ca® triggers synchronous release in as little as 100 microseconds, and asynchronous
release in 10-50 milliseconds. Both release components are Ca’**-dependent, with similar
apparent Ca®” cooperativities but different apparent Ca®'-affinities, suggesting that
multiple Ca**-sensors control release.

A number of key proteins involved in neurotransmitter release have been
discovered, and extensive studies have yielded crucial insights into the molecular basis
for the different steps that lead to release. But many aspects of the mechanism of
exocytosis and its regulation by Ca®* remain obscure. Soluble NSF attachment receptor
proteins (SNAREs) are composed of the vesicle protein synaptobrevin and the
presynaptic plasma membrane proteins syntaxin and SNAP-25. These presynaptic
SNAREs are essential for synaptic transmission. They form a four-helix core complex
during exocytotic processes. Ca’’-sensors interact with SNAREs to promote synaptic
exocytosis. Thus, the identification of Ca’"-sensors is crucial for unveiling the
mechanisms governing synaptic transmission. Synaptotagmin-1 is currently one of the

. . . 2+ . ..
best characterized proteins shown to act as a major Ca” -sensor that triggers exocytosis in



the forebrain. Recent studies showed that complexin are also involved in the Ca*'-

triggered step of neurotransmitter release.

1.1.4  Synaptic Vesicle Cycle

Synaptic vesicles are independent functional organelles that are made of a lipid
bilayer in which transport proteins specific to each type of neurotransmitter are inserted.
Fusion of the synaptic vesicle membrane with the plasma membrane to release its
contents into the synaptic cleft is an essential step for signal transmission. In order to
achieve highly precise spatial and temporal regulation, a complex hierarchy of protein
machinery is involved. Synaptic vesicles filled with neurotransmitters dock at specialized
areas of the presynaptic plasma membrane known as the active zone. Docking is a
recognition event that determines the fusion specificity of a particular vesicle and is
followed by a priming reaction that makes the vesicles ready to fuse. In this priming step,
the protein of synaptic vesicle and the plasma membrane probably form a complex to
prepare for fusion. The resulting primed state may already involve partial membrane
fusion (hemifusion); however the actual neurotransmitter release requires complete
membrane fusion and opening of the fusion pore. Complete membrane fusion is triggered
only when an arriving action potential causes an increase in the intracellular Ca*"
concentration. The released synaptic vesicles are then retrieved from the plasma
membrane by endocytosis, refilled with fresh neurotransmitter, and trafficked back to
rejoin the existing pool of 200-500 vesicles to wait for the next cycle (Siidhof, 1995,

2004) (Figure 1.3).
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Figure 1.3 Synaptic vesicle cycle. The synaptic vesicle cycle is tightly regulated by
a cascade of protein-protein interactions. Synaptic vesicles are filled with
neurotransmitters and form the reserve pool of the vesicle cluster. Filled vesicles dock at
the active zone. Then, the docked vesicles undergo a priming step, which makes the
vesicles ready for Ca®" triggering. After fusion-pore opening, the fused synaptic vesicles
are retrieved back for recycling. (Siidhof, 2004).



1.1.5 Membrane Trafficking and Membrane Fusion

Membrane trafficking within eukaryotic cells is a highly regulated process,
which is vital for the maintenance of distinct subcellular compartments, and a variety of
secretion processes (Rothman, 1994; Schekman, 1996). Membrane trafficking along the
exocytic and the endocytic pathways of eukaryotic cells is mediated by a series of
vesicular intermediates. The fact that vesicular transport is vectorial suggests that each
step is mediated by specific targeting, docking, and fusion events. The molecular
machinery for this process is conserved from yeast to neurons (Bennett and Scheller,
1993; Clary et al., 1990). Synaptic vesicle exocytosis is basically a membrane fusion
process. Because of the repulsive force from negatively charged heads of phospholipids
on the outer surface of the two opposing membranes, membrane fusion does not occur
spontaneously. Forces such as electrostatic repulsion and repulsive hydration force push
the membranes away from each other. The two opposing lipid bilayers need to approach
within 3 nm for the membrane merger to occur (Helm, 1993). When two membranes are
placed in close proximity, which is necessary for fusion, the energy barrier is very high.

The membrane interior can be exposed more when there are imperfections in the
membranes. Increased hydrophobic interactions in the carbon chains of the membrane
lipids cause disorder in membrane packing such as the extreme membrane curvature,
local changes in membrane lipid composition and insertion/de-insertion of hydrophobic
peptides into the membranes, which helps to overcome the energy barrier for fusion. To
overcome this energy barrier with an exquisite temporal specificity through the process of
membrane fusion, there might be some proteins to catalyze a fusion reaction. These

proteins mediate the initial recognition of the membranes that are destined for fusion, pull
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the membranes close together to destabilize the lipid/water interface and to initiate
mixing of the lipids and more importantly guarantee rigorous regulation in space and

time.

1.2 Proteins that are Essential for Synaptic Vesicle Exocytosis

Vesicular neurotransmitter release is mediated by exocytosis of synaptic vesicles
at the presynaptic active zone of nerve terminals. The Ca*"-triggered release process is
extremely fast, lasts less than half a millisecond, and is tightly regulated by Ca®". Action
potentials cause Ca>" influx through voltage-gated Ca>" channels, which in turn triggers
synaptic vesicle fusion. The typical sub-millisecond latency between an action potential
and neurotransmitter release and the precise timing of the release process are crucial for
information processing in the nervous system. Entensive studies have led to the
identification of numerous proteins involved in neurotransmitter release (Augustine et al.,

1996; Jahn and Siidhof, 1999; Lin and Scheller, 2000; Siidhof, 1995).

1.2.1 SNARE-mediated Membrane Fusion

The SNARE proteins are important components of the evolutionarily conserved
membrane fusion machinery in all steps of the secretory and endocytic pathways.
SNAREs were first identified as vital to neurotransmission as they are the specific targets
for proteolysis by clostridial neurotoxin (Blasi et al., 1993; Blasi, 1993; Link et al., 1992;
Schiavo et al., 1993). Clostridial neurotoxins are produced by the pathogenic bacterium
Clostridium botulinum and cause paralysis by hydrolyzing peptide bonds in SNARE

proteins. Since their discovery, the SNAREs have been subjects of intense biochemical
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and structural study. Key to understanding the function of SNARESs in membrane fusion
was the discovery that different sets of SNAREs, that are present in two opposing
membranes, associate into complexes that are subsequently disassembled upon binding to
SNAPs and NSF through the ATPase activity of NSF to recycle the SNARE:s.

Extensive biochemical and structural studies revealed many important
characteristics of the SNARE proteins. All SNARE proteins share a common heptad
repeat of about 60-70 peptides called the SNARE motif which tends to form a coiled coil
structure (Bock et al., 2001; Hayashi et al., 1994; Jahn and Siidhof, 1999) (Figure 1.4).
Complex formation is mediated by the SNARE motifs, and is associated with
conformational and free-energy changes. They are mostly unstructured as monomers
(Dulubova, 1999; Fasshauer et al., 1997, Hazzard et al., 1999). However, when
appropriate sets of SNAREs are combined, the SNARE motifs spontaneously associate to
form helical core complexes. Preceeding synaptic vesicle fusion, the synaptic vesicle
protein synaptobrevin 2 and the two target plasma membrane proteins syntaxin la and
SNAP-25 form the SNARE complex, a bundle of four a-helices, each of which is
contributed by a single SNARE motif of the SNARE proteins. These partially-assembled
membrane-bridging complexes are called trans-SNAREs. This four helix bundle is
extremely stable and is also sodium dodecyl sulfate (SDS) resistant up to 90°C
(Fasshauer et al., 1998; Hayashi et al., 1994). The SNARE core complex is also resistant
to proteolysis by botulinum and tetanus neurotoxins. The extraordinary stability of the
complexes helps to overcome the repulsive force between the two membranes and bring

them close in space.
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Figure 1.4 Schematic diagrams of the linear arrangement of the domains and
structures of the neuronal SNARE proteins (modified from (Fernandez et al., 1998;
Sutton et al., 1998)).
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Syntaxin la and synaptobrevin contain one SNARE motif each that precedes a C-
terminal transmembrane (TM) region, while SNAP-25 contains two SNARE motifs
(Fernandez et al., 1998). In addition, syntaxin la contains a three-helix bundle called the
H.pe domain that is preceded by a short N-terminal sequence. In isolated syntaxin 1a, the
H.p. domain folds onto the SNARE motif, forming a ‘closed conformation’ that hinders
SNARE complex formation and also can form a tight complex with neuronal SM protein
Munc18-1 (Dulubova, 1999). With Muncl8 bound, syntaxin is locked in the closed
conformation and cannot bind the other two SNAREs to form a complex. Thus, syntaxin
1 must undertake a conformational change to switch between its complex with Munc18-1
and the core complex. Munc13 is one candidate that could help syntaxin to fulfill this
goal.

SNAP-25 contains two SNARE motifs (the N-terminal and the C-terminal
SNARE motifs designated as SN1 and SN3, respectively) with a very long joint loop
between them to ensure the parallel alignment of the two SNARE motifs within the same
molecule when forming the SNARE complex. Although SNAP-25 has no transmembrane
region, SNAP-25 still can attach to the membrane by four palmitoylated cysteine residues
in the joint loop (Hess et al., 1992). Recent studies shows that a flexible linker with these
cysteine residues between two SNARE motifs (SN1 and SN3) may play a role in fast
exocytosis (Nagy et al., 2008).

Structural studies reveal that the core complex is highly twisted, with salt bridges
on the surfaces and conserved leucine-zipper-like layers at the center. The overall length
of the core complex is about 120 A (Sutton et al., 1998). The interactions in the core of

the bundle are mostly hydrophobic except for an ionic layer formed in the middle of the
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four-helical bundle, known as the zero-layer or polar layer. This layer contains one
arginine residue from synaptobrevin and three glutamine residues from each of the other
SNARE motifs and is suggested to help the core complex to zip correctly during
assembly. The interior residues of the SNAREs are more conserved than the surface
residues and the zero-layer is conserved all over the SNARE family. The strict
conservation of the charged residues at the zero-layer, also called polar layer, led to
another classification of SNAREs as the Q-SNAREs (containing glutamine in the zero-
layer position) and the R-SNAREs (containing arginine in the zero-layer position). In
spite of low sequence homology, a mammalian endosomal SNARE complex remarkably
shows very similar properties to the neuronal SNARE complex, (Antonin et al., 2002).
The interior residues of the neuronal core complex are mostly hydrophobic; however, the
surface residues are highly charged. Syntaxin la and both SNARE motifs of SNAP-25
are negatively charged whereas synaptobrevin 2 is positively charged.

SNARE complex assembly from the membrane distal N-terminus to the
membrane proximal C-terminus was proposed to provide the driving force to overcome
the energy barrier for membrane fusion (Figure 1.5). Evidence for this ‘zippering
mechanism’ has been obtained, and reconstitution studies led to the proposal that the
SNAREs constitute a minimal membrane fusion machinery (Weber et al., 1998). This
model has been accepted by many researchers and reinforced by the observation that
‘flipped SNAREs’ at the cell surface can induce intercellular fusion (Hu et al., 2003).
However, the structural and energetic basis for this minimal model is unclear and other
studies found that the neuronal SNARES are not able to induce membrane fusion using an

improved reconstitution most researchers agree that SNARE complex assembly plays a
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Figure 1.5 SNARE complexes assemble progressively from an N- to C-terminal.
SNARE complex assembly from the membrane distal N-terminus to the membrane
proximal C-terminus was proposed to provide the driving force for membrane fusion
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central role in membrane fusion (Chen et al., 2004; Hu et al., 2002; Kweon et al., 2003;
Rizo, 2003; Rizo and Siidhof, 2002; Weber et al., 1998). It is certainly clear that this
mechanism alone does not suffice for the demands imposed by fast Ca*'-triggered
synaptic vesicle fusion and the involvement of additional factors is likely required for
accomplishing the extreme speed and exquisite Ca”*'-sensitivity of vesicle fusion at the
synapse (Rosenmund et al., 2003). In the search for these factors, numerous studies
employing biochemical methods and yeast-two-hybrid technology discovered a large
number of SNARE-interacting proteins (Jahn and Scheller, 2006). In most cases, the
function of the respective SNARE-interacting proteins is unknown, and even in the cases
where a function has been assigned to a putative SNARE binding protein, the functional
significance of its interaction with SNARE proteins is often unclear. Thus, detailed
structural information and rigorous assessment of the relevance of these SNAREs

interactions are required.
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1.2.2 Muncl8-1

Secl/muncl8 (SM) proteins are 600-700 residue cytosolic proteins with
homology throughout their entire sequence (Gallwitz and Jahn, 2003; Rizo and Siidhof,
2002; Toonen and Verhage, 2003). Like SNAREs, SM proteins are indispensable for all
membrane trafficking events in all species, from yeast to mammals, which suggests that
they constitute an evolutionary conserved, central aspect of the fusion machinery
(Hanson et al., 1997; Sudhof, 2004; Verhage and Toonen, 2007). SM proteins are
essential for regulated exocytosis, as null mutations in SM genes in a wide variety of
species result in a loss of vesicle fusion reactions (Jahn, 2000). The first SM protein,
named unc-18, was identified in C.elegans (Brenner, 1974). In particular, the functional
importance of the neuronal SM protein involved in neurotransmitter release, muncl18-1
(also referred to as n-Secl or reb-Secl), has been shown by the total abrogation of
spontaneous, sucrose-induced and Ca*'-triggered release observed in munc18-1 knockout
mice, as monitored with electrophysiological measurements (Verhage et al., 2000).
Munc18-1, the mammalian homologue of UNC-18, was identified through its tight
interaction with syntaxin 1 (Garcia et al., 1994; Hata et al., 1993; Pevsner et al., 1994).
This finding suggested that Munc18-1 is functionally coupled to the SNAREs and forms
part of the fusion machinery (Hata et al., 1993), but this interaction was found to require
the closed conformation of syntaxin-1 (Dulubova, 1999) and prevents SNARE complex
formation (Yang et al., 2000). Moreover, X-ray crystallography data from the munc18-1-
syntaxin 1 dimer reveals a horseshoe shaped molecule, which forms a central cavity of 15
A, surrounding syntaxin 1 in a ‘closed’ (SNARE complex incompatible) conformation

(Misura et al., 2000). In addition, NMR studies indicate that the N-terminal domain is an
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autonomously folded domain (Dulubova et al., 2003). Although it was proposed that
muncl8-1 may somehow assist in SNARE complex assembly to explain its critical
function in release, our mechanistic understanding of the function of munc18-1 has been
complicated by the discrepancy between structural and biochemical data. Overexpression
and microinjection experiments (Dresbach et al., 1998) (Wu, 1998), suggest an inhibitory
role for munc18-1, but such role contrasts with the munc18-1 knockout mice phenotype.
Recent studies both in vifro and with brain lysates provided compelling evidence
that munc18-1, like most other SM proteins, also binds assembled SANRE complexes
(Connell E, 2007; Dulubova et al., 2007; Latham et al., 2007; Rickman et al., 2007; Shen
et al., 2007). In addition to its interaction with the coiled-coil domain of syntaxin 1,
munc18-1 interacts with the syntaxin 1 N-terminus, which was not resolved in the crystal
structure. This interaction is compatible with SNARE complex formation and even
essential because either deletion of the first 6-24 amino acids or the L8A mutation in
syntaxin 1 prevents the interaction between munc18-1 and the SNARE complex (Connell
E, 2007; Latham et al., 2007; Rickman et al., 2007; Shen et al., 2007). Thus, munc18-1 is
becoming an established component of the SNARE complex, and SNARE complex
binding is now a general feature of SM proteins. In all cases, syntaxin la N-terminus is
required for this interaction but the exact sequence of events is not known. It could be
that the N-terminal binding precedes the SNARE binding (Hu et al., 2007) or that it even
promotes SNARE complex formation (Shen et al., 2007). Binding to assembled SNARE
complexes was first reported for the yeast ortholog (Seclp), which is currently the only
SM protein that does not bind to monomeric syntaxin (Ssolp). The Seclp-SNARE

interaction does not require the N-terminal peptide, which argues that Seclp uses a
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distinct SNARE binding mode and suggests that, at least in yeast, SM proteins can

promote fusion without N-terminal interactions.

1.2.3  Muncli3s and RIMs

Two large proteins at the active zone of neurons, unc13/munc13 and RIM (Rab3-
interacting protein), are suggested to mediate the disassembly of syntaxin/muncl8
complex to enable the switch of syntaxin from closed to open conformation preparing it
for core complex formation (Betz et al., 1997). Invertebrate uncl3 (Maruyama and
Brenner, 1991) and mammalian munc13s (Brose et al., 1995) constitute a family of large
(ca. 200 kDa), phorbol ester dependent proteins that act as targets of the DAG second
messenger signaling pathway (Betz et al., 1997; Brose et al., 1995; Lackner et al., 1999;
Maruyama and Brenner, 1991). The major mammalian isoform, munc13-1, contains one
DAG/phorbol ester binding C; domain, three C,-domains (called C,A-C,C domains) and
a MUN domain (Basu et al., 2005; Brose et al., 1995). This architecture is largely
conserved in the uncl3/muncl3 family, but the N-terminal region is variable. RIM1a,
originally identified as a Rab3 effector, has multiple functions beyond a Rab effector role
with functional domains such as a ZF domain, a PDZ domain, and C, domains (called
CA, C,B). These protein domains adopt characteristic B-sandwich structures and
commonly function as Ca>" binding modules(Rizo and Sudhof, 1998), but the RIM and
muncl3 C, domains are Ca%-independent (Dai et al., 2005; Guan et al., 2007; Lu et al.,
2006) except the Munc13 C,B domain.

Double knockout of muncl13-1 and the closely related munc13-2 leads to total

abrogation of spontaneous, sucrose-induced and Ca**-triggered release in the forebrain of
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mice. The critical role of unc13/munc13s in release is played by its MUN domain, which
is sufficient to rescue release in Munc13-1/2 double knockout mice (Basu et al., 2005),
and likely arises from defects in vesicle priming. In addition to this fundamental function,
muncl3-1 mediates different forms of presynaptic plasticity. Thus, muncl3-1 is
responsible for DAG/phorbol ester-dependent augmentation of release (Betz et al., 1998;
Rhee et al., 2002), and some forms of Ca*"-dependent short-term plasticity depend on a
calmodulin-binding sequence and the C,B-domain of muncl3-1 (Junge et al., 2004;
Rosenmund et al., 2002). Moreover, the C;A-domain of munc13-1 binds to a-RIMs (Betz
et al., 2001), which are large Rab3 effectors of the active zone that are also involved in
synaptic vesicle priming and in different forms of short- and long-term presynaptic
plasticity.

The above observations suggest that regulation of the efficiency of release by
different agents such as Ca*", DAG and Rab3/GTP during diverse presynaptic plasticity
processes may converge on the activity of the MUN domain in synaptic vesicle priming,
but the mechanism of action of the MUN domain is still unclear. The abrogation of
release observed in uncl3 nulls in C.elegans can be partially rescued by overexpression
of a syntaxin 1 mutant that is constitutively open. This finding led to a widespread model
whereby munc13-1 helps to open syntaxin 1, allowing SNARE complex formation.
Biochemical proof of this model was never provided, and the Munc13-1 MUN domain
does not bind to isolated syntaxin 1(Basu et al., 2005; Guan et al., 2008), but the MUN
domain does bind to membrane anchored SNARE complexes and syntaxin 1/SNAP-25
hetorodimers (Guan et al., 2008; Weninger et al., 2008). These results support the idea

that Munc13s function in opening syntaxin 1 but perhaps by a mechanism different to
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that originally envisioned, acting in concert with Muncl8-1 to form the syntaxin
1/SNAP-25 heterodimer and promote vesicle priming. It is also worth noting that the
protein CAPS, which also contains a MUN domain (Basu et al., 2005), has also been
implicated in vesicle priming, suggesting that priming may depend generally on MUN
domains. An interaction of the N-terminal region of unc13 with unc18 was also proposed
to medicate the release of unc18 from syntaxin 1, but release can be rescued in muncl3-
1/2 double knockout mice without this N-terminal region. These bulky domains could
play a direct role in fusion through their interaction with the SNARE complex, but this
notion has not been tested. The restricted localization of Munc13 and RIM to active zone

ensures that neurotransmitter release occurs only at the right place.

1.2.4  Synaptotagmin as a Calcium Sensor

Among many potential calcium-binding proteins localized to synaptic active
zones, synaptotagmin-1 is now well-described as the primary calcium sensor for SNARE-
dependent fusion (reviewd in (Koh and Bellen, 2003)). Synaptotagmin-1, a brain-specific
vesicular transmembrane protein, is the Ca’’ sensor in neurons, as it has been observed
that it is selectively required for fast Ca®* -dependent neurotransmitter release (Geppert et
al., 1994; Perin et al., 1990). Synaptotagmin-1 is an intrinsic membrane protein and has a
conserved structure within vertebrates and invertebrates.

The observation that the synchronous, fast component of Ca*’- dependent
neurotransmitter release is severely decreased in the synaptotagmin knock-out mouse,
whereas asynchronous, slow release is unaffected, demonstrated that synaptotagmin-1

function is required for Ca®" triggering of neurotransmitter release (Geppert et al., 1994).
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In Ca*"-dependent interactions between synaptotagmin-1 and SNARE complexes,
synaptotagmin-1 acts at the Ca>" triggering step of release and SNARE complexes are
believed to contribute to membrane fusion during this last step. A recent report revealed
that synaptotagmin-1 can displace complexins from SNARE complexes in a Ca*'-
dependent manner (Tang et al., 2006) which suggests that such displacement works as
control switches for fast synaptic vesicle exocytosis. However, it has not been
investigated in the reconstituted proteoliposomes system, which is more physiologically

relevant.

1.2.5  Complexins Regulate Ca’*-Evoked Release
Particularly interesting among the SNARE-interacting proteins are complexins,
which are also known as synaphins and constitute a family of small (15-20 kDa) proteins
of about 130-160 amino acids. In addition to synaptotagmin, complexins are also
implicated in Ca®"-regulated neurotransmitter release (McMahon et al., 1995). The
mammalian complexin family contains four closely related isoforms, complexin I,
complexin II, complexin III and complexin IV (abbreviated as complexin I-IV), with
distinct but overlapping cellular expression patterns. The two major isoforms, complexin
I and II, are soluble proteins, whereas complexin III and IV are C-terminally farnesylated
on a CAAX-box motif, which regulates their synaptic targeting (Reim et al., 2005).
The first two complexins (complexin I and complexin II) were identified and cloned
by virtue of their tight interaction with the core complex (Ishizuka et al., 1995; McMahon
et al., 1995; Takahashi et al., 1995). These two isoforms are highly homologous and

share 86% of amino acid sequences. Complexin I is specifically expressed in the central
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nervous system while complexin II is also present in non-neuronal tissues. Both
complexin I and II are enriched in neurons and mRNA expression patterns are very
similar in many different neuron types (McMahon et al., 1995). Recently complexin III
and IV were found in mammals and share 58% identity with each other but share only
limited homology (24-28% identity) with complexin I and II (Reim et al., 2005).

It has been shown that complexins compete with a-SNAP for binding to the SNARE
complex, but the physiological relevance of this competition is not well understood
(McMabhon et al., 1995). Biochemical studies revealed that complexin I and II interact
exclusively via a central a-helical domain with assembled SNARE complexes, but that
they do not bind individual SNARE components. However, a single molecule
spectroscopy study recently showed that complexin I has an ability to bind to and
stabilize binary complexes of syntaxin and SNAP-25 (t-SNARE) (Weninger et al., 2008).

In solution, complexins are largely unstructured, but contain an a-helical region in
the middle of the sequence that is responsible for their specific binding to the SNARE
complex (Pabst et al., 2000). Previous nuclear magnetic resonance (NMR) spectroscopy
and X-ray crystallography studies from our laboratory validated many of the earlier
biochemical data. In brief, these studies show that residues 29-86 contain helical structure,
that the 48-70 helix binds to a groove along the preformed SNARE complex, and that the
N- and C-terminal ends of complexin appear to be mostly unstructured (Bracher et al.,
2002; Chen et al., 2002; Pabst et al., 2000) (Figure 1.6).

The crystal structure of complexin and SNARE complexes suggested a mechanism
that complexins may facilitate the transformation of a loosely assembled SNARE

complex to a complete tight four helix bundle. By binding and stabilizing the SNARE
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complex, complexins may induce a strain on the participating membranes in which the
respective SNARE proteins reside (synaptobrevin on synaptic vesicles, syntaxin and
SNAP-25 on plasma membrane), and activate vesicles into a state ready for fusion. Since
the currently available structural data were obtained with the core SNARE complex and a
fragment of complexin containing only the accessory helix domain and SNARE binding
domain, the complexin-SNARE complex does not provide information on the N-terminal
and C-terminal complexin sequences nor the protein domains flanking the core SNARE
complex. Recent studies of truncated complexin show that SNARE complex binding of
complexin I via its central a-helix is necessary, but, unexpectedly, not sufficient for its
key function in promoting neurotransmitter release (Xue et al., 2007). Through the
interplay between distinct functional domains, complexin I carries out a crucial role in
fine-tuning Ca*'-triggered fast neurotransmitter release.

The functional importance of complexins has been demonstrated by the lethal
phenotype observed in the complexin I/Il double knockout mice. Complexins are
necessary for a positive role in synaptic vesicle fusion, as neurons lacking both
complexin I and II show a selective impairment in the Ca*"-triggered fast, synchronous
neurotransmitter release, but not the hypertonic sucrose-triggered release (Reim et al.,
2001). Conversely, complexin also seems to have a negative role in fusion because the
introduction of excess amount of recombinant complexin or their fragments into
presynaptic neurons of Aplysia buccal ganglia, either by transfection or microinjection,
led to the inhibition of evoked neurotransmitter release (Ono et al., 1998). In addition,
when complexin peptides were microinjected into the presynaptic terminals of giant

squid axons, the peptides caused a potent inhibition of evoked transmitter release without
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affecting presynaptic resting or action potentials (Tokumaru et al., 2001). Ironically, the
dialetic functions of complexin may provide the complexities to regulate the synaptic
exocytosis more tightly and precisely.

In addition, complexins have been found to be involved in several neurological
disorders, such as schizophrenia, bipolar disorder and Huntington’s disease (Eastwood,
2000; Edwardson et al., 2003; Morton and Edwardson, 2001). Thus, understanding the
function of complexins will not only help to elucidate the regulatory mechanisms of
neurotransmitter release, but also to potentially provide clues on therapeutic strategies

and reagents for these human neurological diseases.



CHAPTER 2

MATERIALS AND METHODS

2.1 Materials and Methods

2.1.1 Expression and Purification of Recombinant Protein

DNA constructs encoding GST fusion proteins of the complexin 1 fragment
(residues 26-83) and the SNARE motifs of rat synaptobrevin 2 (29-93, hereafter
abbreviated Syb2(29-93)), rat syntaxin la (188-259), and human SNAP-25 (residues 11-
82 and 141-203, both containing an additional Trp residue at the C terminus to facilitate
detection, abbreviated as SN1 and SN3, respectively) were prepared using standard PCR
cloning techniques, and subcloned into the pGEX-KT expression vector (Hakes and
Dixon, 1992) were prepared in our laboratory (Chen et al., 2002). In addition, based on
crystal structure (Chen et al., 2002), truncated synaptobrevin constructs (Syb2(29-76),
Syb2(29-68), and Syb2(29-62)) in different length were designed and generated by the
standard PCR cloning techniques. An additional Trp residue was introduced to each
construct at the N terminus to facilitate the protein quantification. All plasmids were
transformed into Escherichia coli BL21 (DE3) cells for protein expression. Every
construct was maintained as a lab glycerol stock (40% glycerol) at -80°C. For a typical
one liter bacteria culture, a single colony of the clone was picked off from an LB
agar/ampicillin plate and grown overnight in the appropriate selectable liquid medium
(e.g., LB amp) in a shaker at 250rpm at 37°C. Proper amount of this seed culture, usually

10-20ml, was transferred to 1 liter LB media containing 100pg/ml ampicillin. The flask

27
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was incubated at 37°C in the shaking incubator at the speed of 250rpm utill ODggg
reached 0.6-0.8. And then the temperature was lowered to 22-25°C and 0.4 mM IPTG
(isopropyl P-D-thiogalactopyranoside, from Sigma) was added to induce protein
expression. After at least 16 hours of induction, cells were harvested by centrifugation at
4500 rpm for 45min in swing buckets with a rotor JS 4.2 (Model J6-MI centrifuge,
Beckman Instuments) and resuspended in phosphate buffer saline (PBS) solution
containing 2mM EDTA, 5mM EGTA, 0.5mM AEBSF and 10ul/ml sigma protease
inhibitor cocktail (Sigma). The cell suspension was frozen with liquid nitrogen and stored
in -80°C.

For protein purification, the frozen cells were thawed and passed through an
EmulsiFlex-C5 cell disruptor (Avensin) at 10000 -14000 psi for 3 to 4 times and spun at
19000 rpm for 30 min in a JA-20 rotor with Beckman centrifuge (model J2-21).
Supernatants were mixed with glutathione Sepharose 4B (Amersham Pharmacia
Biotech.) and incubated for 2 hours at the room temperature or overnight at 4°C in the
coldroom. GST fusion proteins were bound tightly to the beads, whereas unbound
proteins and non-specifically bound proteins were removed by extensive washing
sequentially with 25ml PBS, 50ml PBS (1% triton X-100), 50ml PBS (1M NaCl) and
25ml PBS for several times. For Syb2s and SN1, a benzonase (0.25 units/ul) treatment
was used to remove all forms of DNA and RNA. The resin was then extensively washed
with PBS buffer and then washed again with 3 ml thrombin cleavage buffer (50mM Tris,
pHS.0, 200 mM NaCl, 2.5 mM CaCl, and 1 mM DTT) for three times. A treatment with
5-7 units/ml thrombin at room temperature was followed to remove the GST moiety .

Proteins were eluted with corresponding elution buffers and further purified by gel
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filtration (Superdex-75 Hiload 16/60 column, Amersham Pharmacia Biotech.). The purity
of the preparation was assessed by SDS-PAGE and Coomassie blue staining.

Rat complexin I (26-83) (abbreviated as Cpx26-83) was subcloned into the
expression vector pGEX-KT for expression as a GST fusion protein by Kovrigin E., a
former postdoctoral fellow in our laboratory (Chen et al., 2002). The plasmid was
transformed into Escherichia coli BL21 (DE3) cells for protein expression. Glycerol
stock (40% glycerol) of the transformed cells was kept in -80°C. The expression and
purification procedures for Cpx26-83 were similar to those for the SNARE motifs as
described above, except that Cpx26-83 after the cleavage of GST was eluted with 20 mM
sodium acetate buffer (pH4.5), and the eluted Cpx26-83 was further purified by ion
exchange chromatography. Briefly, a linear gradient of salt (0 to 500 mM NacCl) was used
to elute Cpx26-83 from the Source S column (Amersham Pharmacia Biotech.). Cpx26-83
eluted at 300mM salt and purify of the preparation was assessed by SDS-PAGE and

Coomassie blue staining.

2.1.2 NMR Sample Preparation

NMR signals of large molecules with molecular masses greater than 20 kDa are
highly overlapped. Taking advantage that the core complex (32 kDa) was assembled with
four individually expressed and purified SNARE fragments, I prepared four NMR
samples with only one SNARE motif *H or/and "°N labeled in each sample. Thus, I was
able to observe one SNARE motif at one time in NMR experiments, which decreased the
number of the observable resonance fourfold and dramatically relieved the signal-overlap

problem. Some samples were deuterium labeled to reduce the dipolar relaxation and
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improve the spectral sensitivity. Uniform ""N- labeling was achieved by growing the
bacteria in "NH,CI as the sole nitrogen source. Perdeuteration was achieved by growing
bacteria using D,0 as the solvent.

The high stability of the core complex enabled facile preparation by simply
mixing the purified isotope labeled SNARE motif with 1.2 equivalents of each of the
other three purified unlabeled SNARE motifs, followed by an overnight incubation at
room temperature. The small amount of unassembled fragments was removed by
extensive concentration/dilution with a Millipore concentrator (10 kDa cutoff). This
procedure produced pure SNARE complex as judged by SDS-PAGE. Note that the
complex is SDS resistant, and the absence of isolated SNARE bands in the gel provide a
reliable method to assess the purity of the complex. The final concentration of the core
complex was about 200 uM according to UV, and the buffer condition for NMR

experiments was 20 mM Tris (pH 7.4) and 150 mM NaCL

2.1.3 Complexin/ SNARE Preparation

Assembly of the SNARE core complex followed the same procedure as
described above. The complexin/SNARE complex was prepared by addition of 1.2
equivalents of Cpx26-83 to preassembled SNARE complex. An extensive
concentration/dilution step with Millipore concentrator (10 kDa cutoff) was used to
eliminate the small amount of unassembled fragments and at the same time change the
sample buffer to final conditions. The observation of only one set of cross-peaks in the
'H-"N TROSY-HSQC spectra of the different samples prepared provided further

evidence of the purity of both complexes.
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2.1.4 NMR Spectroscopy

All NMR experiments were performed at 25.6 °C on a Varion INOVA600
spectrometers with samples dissolved in 20 mM Tris (pH 7.4), 150 mM NacCl, and 0.1
mM TCEP, using H,O/D,0 95:5 (v/v) as the solvent. The 5% (v/v) D,O was included to
provide the lock signal for the control of the long term stability of the magnetic field. For
each sample, I acquired and analyzed one-dimensional (1D) spectra and TROSY -based-
HSQC spectra with acquisition times between 1 and 12 hours. All NMR data were
processed with the program NMRPipe (Delaglio, 1995) and analyzed with the program

NMRView (Johnson, 1994).
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CHAPTER 3
STRUCTURAL STUDIES OF THE INTERACTION BETWEEN COMPLEXIN I

AND THE SNARE COMPLEX

3.1 INTRODUCTION

Assembly of the SNARE complex happens in multiple steps, so understanding
how this process is regulated is a central question in synaptic vesicle fusion. To gain
further insights, additional proteins that interact with the SNARE complex need to be
studied. Complexin binds the SNARE complex via a ~40 amino acid central helical
domain which binds a groove between syntaxin and synaptobrevin 2 (Bracher et al., 2002;
Chen et al., 2002). Deuterium exchange experiments showed that complexin especially
stabilized the C-terminal of the synaptobrevin 2 SNARE motif, consistent with a role in
stabilizing a particular assembly conformation of the SNARE complex (Chen et al.,
2002). Interestingly, the membrane proximal region of complexin forms a second helix,
also called accessory helix, which bends away from the SNARE complex (Chen et al.,
2002). Previous studies in vivo and in vitro allowed us to reach the conclusion that
complexin may function as a clamp in both facilitatory and inhibitory way and could
directly accelerate an otherwise slow step in SNARE complex assembly (Giraudo et al.,
2006; Reim et al., 2001; Reim et al., 2005; Schaub et al., 2006; Tang et al., 2006; Xue et
al., 2007). However, the exact mechanism of the clamp function is still under
investigation. Therefore, my research project was focused on the structural and functional

studies of the interaction between the central peptide (Cpx26-83) and the SNARE
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Figure 3.1 Complexins and their coupling to SNAREs. (a) Schematic domain diagram
of complexin-I. Shorter construct of complexin, Cpx26-83, shown in this figure is used
for crystallography with core complex (Chen et al., 2002). (b) Models of how complexin
functions as a clamp by replacing the binding region of synaptobrevin at the membrane
proximal end of the four helix bundle with the accessory a-helix of complexin on the C-
terminal side of the SNARE complex-binding region. An accessory z-helix on the C-
terminal side of the SNARE complex-binding region indicated in orange has an
inhibitory effect on fast synaptic exocytosis through binding to the C-terminus of the
SNARE complex. Unidentified interaction of N-terminus of complexin, indicated as an
oval in purple with an X, is critical for a facililatory role of complexin (Xue et al., 2007).
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complex. The specific hypothesis of my thesis project is that complexin functions as a
clamp by replacing the binding region of synaptobrevin at the membrane proximal end of
the four helix bundle with the accessory a-helix of complexin on the C-terminal side of

the SNARE complex-binding region (Figure 3.1).

3.2 RESULTS

3.2.1 Purification of the SNARE Motifs and Assembly of the Core Complex

Previous studies from our lab have shown that complexin binds tightly to the
SNARE core complex containing the SNARE motifs only in an antiparallel, a-helical
conformation to the groove between the synaptobrevin and syntaxin SNARE motifs of
the core complex. The binding does not cause any overall conformational change in the
core complex except some slight side chain re-orientations. The core complex used in the
previous binding studies was composed of syntaxin la (191-253), synaptobrevin 2 (29-
93), SN1, and SN3, which correspond to the minimal sequences involved in the SNARE
complex assembly (Sutton et al., 1998). Although the deletion of six residues at the C-
terminus of syntaxin SNARE motif facilitated the NMR study of the core complex by
reducing the aggregation of the assembled SNARE complex (Margittai et al., 2001), in
this study, syntaxin la (188-259) (Sutton et al., 1998) was used since the C-terminus of
syntaxin SNARE motif may play a important role in binding to the complexin accessory
helix. Stoichoiometric amounts of the SNARE motifs assembled almost quantitatively

into a SDS-resistant SNARE complex.
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Therefore, we started to characterize the interaction between complexin I (26-83)
and the truncated core complex (TCC) containing the truncated synaptobrevin ((Syb2(29-
76), Syb2(29-68), and Syb2(29-62)) in solution using biochemical and biophysical
methods (Figure 3.2).

In order to assemble the SNARE complex, the SNARE protein/motifs were
expressed and purified separately. The gel filtration profiles of the SNARE proteins
through the Superdex 75 Hiload 16/60 column (Amersham Pharmacia Biotech.) are
shown in Figure 3.3. The SNARE motifs of SNAP-25 (SN1 and SN3) and synaptobrevin
2 also eluted earlier than globular proteins with similar molecular weight (Figure 3.3a,
3.3b, and 3.3d), because they do not have tertiary structures (Fasshauer et al., 1997).
Syx1a(188-259) eluted with an apparent molecular weight of 36 kDa (Figure 3.3c), which
is consistent with the observation that the SNARE motif of syntaxin forms
homotetramers in solution (Misura et al., 2001).

A typical SNARE complex assembly reaction was carried out by mixing
0.8:1:1:1 stoichiometry of syx1a(188-259), SNI1, SN3, and synaptobrevin 2, and
incubating overnight at room temperature. Samples were taken at different time points to
check the assembly level of the ternary SNARE complex. Since the ternary SNARE
complex is SDS-resistant and only denatures above 90 °C, the assembly of the ternary
SNARE complex can be easily evaluated by comparing the sample with or without
boiling and observing the existence of SDS-resistant SNARE complex in the non-boiled
sample. The assembly efficiency for the TCC type of SNARE complex is >80%. The
TCC with Syb2(29-62) does associate as well, but the resulting complex is not SDS-

resistant, and we therefore cannot accurately determine the assembly efficiency by SDS
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proximal
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Figure 3.2 Structure of the complexin/SNARE complex. (a) Ribbon diagram of
complexin/SNARE complex. The color coding is as follows. Syxla(191-253), yellow;
Syb2, red; SN1, blue; SN3, green; Cpx26-83, orange and pink (Chen et al., 2002). Using
structural information, we generate various mutant constructs of synaptobrevin such as
Syb2(29-76), Syb2(29-68), and Syb2(29-62). Ionic ‘0’ layer of the synaptic fusion
complex is labeled in black and side chains involved in the layer are shown as sticks.
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Figure 3.3 Purification of the SNARE proteins. Gel filtration profiles of (a) SN1, (b)
SN3, (c¢) Syx1a(188-259), (d) Syb2(29-76), () Syb2(29-68), (f) Syb2(29-62) through the
Superdex 75 Hiload 16/60 column (Amersham Pharmacia Biotech.).
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PAGE. However, the gel filtration data suggests that assembly efficiency is
approximately 50%.

The assembled SNARE complex was pooled and subjected to further purification
by gel filtration chromatography with a Superdex 200 5/150 GL (Amersham Pharmacia
Biotech.). The gel filtration chromatogram is shown in Figure 3.4.

It has been shown that the syntaxin SNARE motif and SN1 can also form a very
tight 2:2 parallel four-helix bundle. This type of complex is extremely stable once formed
and it can be a kinetic trap for the assembly of the ternary SNARE complex. Therefore,
the mixing order of SNARE proteins for the assembly reaction is crucial to assure the
proper SNARE complex formation. A typical order of the mixing in an assembly reaction
was first, SN3, then, the syntaxin SNARE motif, followed by the synaptobrevin SNARE

motif, and finally, SN1.

3.2.2 One Dimensional NMR for Evaluation of the Quality of the Core Complex
Assembly

A typical 1D 'H NMR spectrum of the SNARE complex is shown in Figure 3.5.
The intensity and line-shape of the methyl group in 1D spectrum is very informative.
Therefore, protein-protein interactions can be detected by measuring the intensity
changes of the strongest methyl resonance (SMR) of proteins. Most proteins of SMR are
observed at 0.8-0.9 ppm, and its intensity usually increases linearly with the
concentration of the sample (Ara¢ et al., 2003). The severe resonance overlap in the
region facilitates detection of the SMR at low micromolar and even sub-micromolar

protein concentrations. However, if sample aggregates, the line width of the methyl
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Figure 3.5 1D NMR spectrum of the SNARE complex. The signals under bracket are
mainly from NH and aromatic protons. The peaks indicated by an asterisk is the strongest
methyl resonance (SMR) signal. The intensity of the SMR was used to estimate the
protein concentration. The arrows indicate two well-isolated methyl resonances, whose
line widths indicate the aggregation state of the core complex sample.
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group will increase and the intensity of the SMR will decrease with molecular mass.
Generally, the quality of the 1D spectrum can be used as an indicator for the formation of
the core complex. Therefore, 1D NMR spectroscopy was performed to verify the quality
of the core complex and to measure the approximate concentration of proteins.
Information from 1D NMR is then used as reference for TROSY-HSQC experiments to

verify the quality of the core complex containing different amounts of proteins.

3.2.3 Binding Studies of the Complexin/SNARE complex by TROSY based NMR
Experiments

Nuclear magnetic resonance (NMR) is used as a spectroscopic technique. NMR
techniques monitor the absorption of energy associated with transitions of nuclei between
adjacent nuclear magnetic energy levels (Wiithrich, 1986). Basically, it measures the
signals of radio-frequencies that have been emitted by the nuclei. However, the signal
decays exponentially with a characteristic time constant, the transverse relaxation time, 75,
that is inversely proportional to the line width of the resonances in the spectrum, and that
depends on not only molecular size but also molecular motion.

The molecular weight of complexin/truncated core SNARE complex will be
about 37 kDa which is already close to the upper limit of conventional NMR methods
(Clore and Gronenborn, 1994). Together with the fact that core complex shows an
elongated cylindrical structure and has even slower tumbling rate and shorter relaxation
time than its molecular mass, regular '"H-""N heteronuclear single quantum coherence
(HSQC) experiments could not yield good quality spectra due to the broadened

linewidths, and consequently low intensity and poor sensitivity. Therefore, we took
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advantage of the recent development of transverse-relaxation optimized spectroscopy
(TROSY) technique, which constructively utilizes the interference between dipole-dipole
(DD) coupling and chemical shift anisotropy (CSA) to suppress transverse nuclear spin
relaxation (Fernadez and Wider, 2003; Pervushin et al., 1997). Briefly, there are two
major sources of interfering relaxation mechanisms for diamagnetic macromolecules: one
depends on the dipole-dipole interaction (DD) between the protons and the other depends
on the chemical shift anisotropy (CSA) of the protons. The DD relaxation is independent
of the static magnetic field; however, the CSA increases with larger magnetic fields. DD
and CSA interfere with each other, and under certain circumstances, they can almost
completely cancel each other and consequently eliminate the transverse relaxation effects
originated from them. The 'H nuclei of amide groups have a scalar coupling with the
corresponding '°N nucleus instead of the natural isotope '*N, and the NMR signals split
into two components. Each component has different line widths, which directly
demonstrates the relaxation interference (Figure 3.6b). In conventional NMR
experiments , the two lines are collapsed into one line by a technique called ‘decoupling’,
at the cost of averaging the relaxation rates (Figure 3.6a). For small molecules, this is not
a problem, but for large molecules the signal may be attenuated due to the contribution of
the more rapidly relaxing resonance line. However, the TROSY—based NMR technique
exclusively selects the component with the slowest relaxation rate and narrowest
linewidths, and eliminates the fast relaxing component (Figure 3.6c). Theoretically, the
complete cancellation of DD and CSA for this component occurs at 'H frequencies near 1
GHz due to the fact that the DD interaction is independent of the magnetic field whereas

the CSA increases with
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Figure 3.6 NMR spectroscopy with small and large molecules in solution. (a) Small
molecules in solution relaxes slowly, resulting in long transverse relaxation time (7). A
large T2 value corresponds to narrow line width (Av) after Fourier transformation (FT) of
the NMR signal. (b) Larger molecules have a smaller T», so the decay of the NMR signal
is faster. This results both in weaker signals and in broad lines in the spectra. (¢c) TROSY-
based NMR substantially can reduce the transverse relaxation, resulting in improved
spectral resolution and sensitivity for large molecules (Fernadez and Wider, 2003).
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higher magnetic fields. Therefore, a higher magnetic field will reinforce the TROSY
effect. At first glance, the TROSY technique disregards 3/4 of the potential signal, but in
the case of large molecules, slower relaxation readily compensates for the loss of signal
and improves the spectral sensitivity substantially during the pulse sequence and the data
acquisition, enabling the measurement of high-quality spectra for these systems
(Pervushin et al., 1997) (compare Figure 3.6b and 3.6c). Moreover, due to the low
gyromagnetic ratio of the deuteron (yD/yH = 0.15), replacement of the protons with
deuterons will significantly decrease amide proton transverse relaxation rate and
attenuate the DD interaction, gaining the increased sensitivity and improving the
resolution of the spectra. However, perdeuteration method still has the size limit of 50
kDa (Reviewed in (Gardner and Kay, 1998)).

Larger molecules and macromolecular complexes have another complication of
NMR spectroscopy due to the large number of resonances, resulting in more crowded
spectra and lower resolution. For the truncated core complex (TCC) in the presence or
absence of Cpx26-83, selective isotope labeling can be easily carried to alleviate this
problem. The proper choice of isotope-labeling will significantly reduce the number of
resonances in spectrum, thus simplifying the data acquisition and processing. For
mapping the binding region in the TCC, for instance, each SNARE motif can be
individually labeled and assembled with non-labeled corresponding fragments, which
will reduce the significant number of crosspeaks in NMR spectra.

In previous NMR studies in our laboratory, the full-length complexin I was
shown to be largely unfolded, except for a helical region in the middle of its sequence ,

providing a binding region for the SNARE complex (Pabst et al., 2000). This helical
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region (residue 29-86) can be divided into two regions: a stable a-helix (residues 29-64)
and another helix (65-86) with a lower tendency. Consistently, deletion mutagenesis also
showed that complexin binds to the core complex through its central region (Pabst et al.,
2000).

Based on the above results, to gain insight into the region(s) of the central
peptide (Cpx26-83) involved in binding to the SNARE complex, we first acquired
TROSY-enhanced 'H-""’N HSQC spectra (Pervushin et al., 1997) of *H-"N Cpx26-83
fragment in the presence or absence of unlabeled short SNARE complex. These
experiments were done by a former graduate student Xiaocheng Chen in our laboratory
and she was able to acquire high quality NMR spectra of the core complex at 600 MHz.
Similar to the 'H-"N HSQC experiment, 'H-"N TROSY-HSQC spectra can be
considered like protein fingerprints. In addition, the cross-peak dispersion observed in
'H-""N TROSY-HSQC spectra is indicative of the presence or absence of a well-defined
tertiary or quaternary structure in the protein.

Briefly, the 'H-"N HSQC spectrum of *H-""N labeled Cpx26-83 showed poor
chemical shift dispersion like full length complexin, suggesting the absence of tertiary
structure. Upon addition of the unlabeled core complex to the *H-""N labeled Cpx26-83, a
striking dispersion of a subset of the cross-peaks was observed and the dispersed cross-
peaks exhibited generally more severe broadening, which is indicative of the formation of
quaternary contacts (Chen et al., 2002). The region directly involved in binding to the
SNARE complex is residues 50-70 of complexin. The widespread chemical shift changes
induced by the Cpx26-83/SNARE complexin interaction can be explained by the helix

stabilization in the binding region of the Cpx26-83 and the subsequent propagation of the
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helical conformation beyond the binding region. The chemical shifts of the N-termianl 16
residues of Cpx26-83 bound to the SNARE complex are very similar to those observed in
free complexin. Consistently, crystal structure show that the N-terminal of Cpx26-83
bends away from the core complex suggesting that there is no direct interaction (Chen et
al., 2002).

To gain insight into the region(s) of the SNARE complex involved in binding to
Cpx26-83, 'H-""N TROSY-HSQC spectra of the core complex containing only one of
the four SNARE motifs labeled with “H-"°N were acquired. Many cross-peaks are moved
in the spectra of Syx191-253 and Syb2(29-93) in the core complex, whereas only small
number of crosspeaks are moved for the SNAP-25 SNARE motifs. Thus, the NMR
studies suggested that complexin binds to the interface formed by syntaxin and

synaptobrevin in the core SNARE complex (Chen et al., 2002; Pabst et al., 2000).

3.2.4 Binding Studies of Complexin/SNARE Complex Containing a Shorter
Synaptobrevin.

Complexin binds the SNARE complex via a ~40 amino acid central helical
domain which binds a groove between syntaxin and synaptobrevin 2 (Bracher et al., 2002;
Chen et al., 2002). Deuterium exchange experiment showed that complexin especially
stabilized the C-terminal third of the synaptobrevin 2 SNARE motif, consistent with a
role in stabilizing a particular assembly conformation of the SNARE complex (Chen et
al., 2002). Interestingly, the membrane proximal region of complexin forms a second
helix which bends away from the SNARE complex (Pabst et al., 2000). Previous studies

in vivo and in vitro allowed us to reach the conclusion that complexin may function as a
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fusion clamp in both facilitatory and inhibitory way and could directly accelerate an
otherwise slow step in SNARE complex assembly as well. However, the exact
mechanism of the clamp function is still under investigation. Therefore, my research
project was focused on the structural and functional studies of the interaction between the
central peptide (Cpx26-83) and the SNARE complex. The specific hypothesis of my
thesis project is that complexin functions as a clamp by replacing the binding region of
synaptobrevin at the membrane proximal, C-terminal end of the four-helix bundle with an
accessory a-helix of complexin. In order to investigate this hypothesis, we performed the
following experiments (Figure 3.1).

Based on the previous results, we initiated a more detailed characterization of the
Cpx26-83/SNARE complex interaction using different combinations of isotopically
labeled and unlabeled samples of the minimal SNARE fragments and Cpx26-83. In
addition, we used truncated synaptobrevin 2 fragments, (Syb2(29-76), Syb2(29-68), and
Syb2(29-62) to investigate the exact interaction between the Cpx26-83 fragment and each
type of truncated core SNARE complex (TCC) by 'H-"N TROSY-based HSQC
experiment. The 'H-"N TROSY-HSQC spectrum of isolated Cpx26-83 shows poor
chemical shift dispersion due to the absence of tertiary structure (Figure 3.7a, black
contours and (Chen et al., 2002)); however, significant dispersion of a subset of the
complexin cross-peaks was observed upon addition of the unlabeled TCC containing
Syb2(29-76) (TCC76) (Figure 3.7b, red contours) This dispersion and broadening effect
arises from the formation of quaternary contacts between Cpx26-83 and TCC. A
practically superimposable spectrum was acquired when *H-""N-labeled Cpx26-83 was

bound to the core SNARE complex (with full-length synaptobrevin). These results led us
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Figure 3.7 '"H-"N TROSY-HSQC spectra of *N-labeled Cpx26-83 in the absence
and presence of TCC76. (a) 'H-""N TROSY-HSQC spectra of the isolated '"N-labeled
Cpx26-83 (black contours). (b) "H-""N TROSY-HSQC spectra of the '’N-labeled Cpx26-
83 bound to the unlabeled TCC76 (red contours). The HSQC spectrum of '“N-labeled
Cpx26-83 bound to the unlabeled TCC76 is practically superimposable with the spectrum
of Cpx26-83 bound to the minimal core complex (Chen et al., 2002).
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to conclude that the C-terminal truncation of the synaptobrevin SNARE motif does not
affect the binding to Cpx26-83.

To gain insight into the region(s) of the SNARE complex involved in binding to Cpx26-
83, we acquired 'H-""N TROSY-HSQC spectra of samples of TCC containing fragments
Syb2(29-76), Syb2(29-68), and Syb2(29-62), respectively, assembled with the "H-""N-
labeled C-terminal SNARE motif of SNAP-25 (SN3). Based on our hypothesis, we
expected to see peak-shifts in SN3 after addition of complexin, indicative of a binding
event between complexin and the SNARE complex, where binding of the complexin
accessory helix replaces synaptobrevin 2. In detail, we expected to see that progressive
truncation of the Syb-CT allows for increasingly more binding between the complexin
accessory helix and the SNARE complex, particularly in regions of the SNARE complex
that were previously occupied by Syb2-CT. However, we did not see any significant peak
shifts upon complexin addition (Figure 3.7c), suggesting that the complexin accessory

helix does not substitute for Syb2-CT to any detectable degree.

3.2.5 Mapping of Complexin binding site on SNARE Complex Containing a Shorter
Synaptobrevin.

While we could not confirm that the complexin accessory helix can substitute for
Syb2-CT, another surprising and unexpected result arose from this experiment. The 'H-
"N TROSY-HSQC spectra of "N-labeled SN3 SNARE complex in the presence or
absence of Cpx26-83 showed that almost half of SN3 is unstructured, if any of 3
truncated synaptobrevin fragments, Syb2(29-76), Syb2(29-68), and Syb2(29-62),

respectively, is used to replace Syb2(29-93) in the core complex (Figure 3.8). The data of
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Figure 3.8 "H-"*N TROSY-HSQC spectra of TCC complex with *N-labeled SN3. (a)
'H-"N TROSY-HSQC spectra of the isolated "N-labeled SN3 (black contours). (b)
Compared to TROSY-HSQC spectra of *H-'""N-SN3 core complex, most cross-peaks
from residues of the C-terminal part of *N-labeled SN3 in TCC76 (red contours) are
disappeared. (c) TROSY-HSQC spectra of "N-labeled SN3 in the absence (black
contours) and presence of Cpx26-83 (red contours).
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TCC68 and TCC62 are not shown. These results led us to conclude that the core complex
may have two cooperative folding units, with the membrane-distal N-terminal unit of the
four-helix bundle that can be formed in the absence of both complexin and the Syb2 C-
terminus (residues 76-93; Syb2-CT).

To confirm that the C-terminal part of the entire four-helix bundle is disordered
in the absence of Syb2-CT, we labeled Syx1a(188-259) with'’N and performed the 'H-
"N TROSY-HSQC experiment under the same conditions. As expected, we found that
most cross-peaks from residues of the C-terminal part of the syntaxin SNARE-motif
disappeared, suggesting that this region is disordered as well (Figure 3.9). Taken together,
these findings suggest that the membrane-proximal part of the entire four-helix bundle is
disordered in the absence of Syb2-CT.

It is further interesting to note that the region of disorder starts at the respective
polar layers of both SN3 and syntaxin la, residue Gln 174 and residue Gln 226,
respectively. As the polar layers of all the components of the four-helix bundle align
closely in three-dimensional space (Sutton et al., 1998) (Figure 3.2), this finding strongly
suggests that the polar layers of the components form an interface between the two
folding cassettes of the core SNARE complex. Moreover, the truncation of only 20
residues at the Syb2-CT is enough to produce disorder of the second module in entire
SNARE complex. This may suggest that the interactions within the second module are
intrinsically weaker, and could therefore be more tightly regulated. In conjunction with
other studies (Chen et al., 2002) the existence of such an interface may imply the
existence of at least two intermediates during the formation of the core SNARE complex.

The first step might be the formation of a stable four-helix bundle N-terminal to the polar
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Figure 3.9 'H-"N TROSY-HSQC spectra of TCC complex with *N-labeled Syxla
fragment. (a) 'H-""N TROSY-HSQC spectra of °N-labeled Syx1a(191-253) fragment in
minimal core complex containing fragments Syb2(29-93) as a reference. These
experiments were done by a previous graduate student Xiaocheng Chen from our
laboratory. (b) "H-""N TROSY-HSQC spectra of °N-labeled Syx1a(188-259) fragment in
TCC76. (c) Superposition of 'H-""N TROSY-HSQC spectra of "N-labeled Syx1la(188-
259) fragment in TCC (red contours) with the spectrum of 'H-""N TROSY-HSQC spectra
of "N-labeled Syx1a(191-253) fragment in core complex (black contours). Most cross-
peaks from residues of the C-terminal part of the Syntaxin SNARE-motif disappeared,
suggesting that this region is disordered as well.
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Figure 3.10 '"H-"N TROSY-HSQC spectra of TCC84 complex with “H-"*N -labeled
SN3 fragment. (a) 'H-""N TROSY-HSQC spectra of *H "*N-labeled SN3 fragment in
TCC84. (b) Superposition of 'H-"N TROSY-HSQC spectra of *H-"’N-labeled SN3 in
TCC84 (black contours) with the spectrum of "H-""N TROSY-HSQC spectra of *H "°N-
labeled SN3 in TCC76 (red contours). Almost all the 'H >N TROSY-HSQC cross-peaks
from TCC84 reappeared in the spectra, suggesting that Syb2(29-84) was long enough to
form the full four-helix bundle.
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layers, while the second step could be the “zippering up” toward the C-terminus of the
entire core SNARE complex. In such a two-state priming model, the first intermediate
can be considered as an energetically inexpensive and stable platform for a second, high-
energy priming step. Formation of the second, fusion-competent intermediate can be
reversible and tightly regulated, and brings vesicles to closely similar energy levels. From
this second intermediate, fusion can occur in a Ca2+—dependent manner, and the narrow
energy spread of the second intermediate allows for precise timing of the fusion reaction
of an ensemble of vesicles.

To further define the minimal sequences of synaptobrevin to form the full four-
helix bundle, we generated another deletion mutant of synaptobrevin, Syb2(29-84), by
the standard PCR cloning techniques. We recorded 'H-""N TROSY-HSQC spectra of
'"N-labeled SN3 under the same conditions as before. In comparison to the same
experiment with Syb2(29-76), almost all the 'H-""N TROSY-HSQC cross-peaks from
SN3 reappeared in the spectra, suggesting that Syb2(29-84) was long enough to form the
full four-helix bundle. Furthermore, the same set of the SN3 crosspeaks reappeared as
with Syb2(29-93), suggesting that the Syb2(29-84) construct is sufficient to form the

fully assembled core complex intermediate (Figure 3.10).

3.2.6 Binding Studies of Complexin/t-SNARE Complex by HSOQC NMR Method

In a further set of experiments, we decided to investigate whether our failure to
provide support to our initial hypothesis could be attributed to the lack of the N-terminal
25 residues of complexin. The first step for such an investigation is to verify the binding

of complexin to its known target, SNARE complex. However, due to a recent series of
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studies collectively showed binding of complexin with the membrane-anchored t-SNARE
complex (composed of Syntaxin/SNAP-25 complex) (Guan et al., 2008; Weninger et al.,
2008), rather than only with the fully assembled SNARE complex (Syntaxin/SNAP-25,
Synaptobrevin). Therefore, we decided to investigate the association of full-length
complexin (Cpx-FL) with the t-SNARE complex and its components in solution.

For this purpose, we produced '*N-labeled full-length complexin and monitored
the change in the crosspeaks by 'H-'"N TROSY-HSQC upon addition of various t-
SNARE components. The t-SNARE complexes we used for these experiments are
SN1/SN3 complex, SN1/ Syx1a(188-259) complex, Syx1a(188-259) alone, and the full t-
SNARE complex of SN1/SN3/ Syx1a(188-259). As expected from previous experiments
with Cpx26-83, the 'H-""N TROSY-HSQC spectrum of isolated full-length complexin
shows poor chemical shift dispersion due to the absence of tertiary structure. Upon
addition of pre-assembled, full t-SNARE complex, we found that many cross-peaks had
disappeared, suggesting that complexin can indeed bind to the full t-SNARE complex.
The 'H-""N HSQC spectra of complexin in the absence (black contours) and presence
(red) of the unlabeled t-SNARE complex are shown in Figure 3.11. Very similar results
were obtained by addition of SNI/SN3 complex, as well as SN1/Syxla(188-259)
complex. By contrast, little change was observed upon addition of Syx1a(188-259) alone.
Taken together, these results suggest, that complexin can bind to the t-SNARE complex,
and that this association is mediated mainly by SNAP-25 SN1 domain, but not by
syntaxin. Although we cannot formally conclude that SN1 is sufficient for complexin
binding to the t-SNARE complex, the SN1 domain is the only common component found

in all the t-SNARE complexes that we have found to bind complexin. It is also important



56

to note that the observed interactions are likely to be formed by the N-terminal of
complexin, as the previously suggested crystal structure of the complexin/SNARE
complex does not suggest any direct interactions between Cpx26-83 and either SN1 or
SN3. Such a model, in which the N- and C-termini of complexin can bind, perhaps
independently, to different SNARE complex components, could also accommodate
cooperativity between both modules of complexin, allowing for more specific and tight
regulation than would be possible with independent protein. This idea may be supported
by other findings that suggest a facilitatory role for the N-terminus of complexin, but an
inhibitory role for the complexin accessory helix (Xue et al., 2007). However, further
experiments are necessary to conclusively identify the binding sites of t-SNARE complex

to complexin and to obtain support for this model.
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Figure 3.11 'H-""N TROSY-HSQC spectra of full length complexin in the absence
and presence of various t-SNARE components. (a) 'H-""N HSQC spectra of the
isolated "N-labeled Cpx-FL(black contours). (b) 'H-"N HSQC spectra of the "N-
labeled Cpx26-83 bound to the unlabeled SN1/SN3 (red contours). (c-e) are shown in
following page. (c) 'H-""N HSQC spectra of the "N-labeled Cpx26-83 bound to the
unlabeled Syx1a(188-259) alone (red contours). (d) 'H-"’N HSQC spectra of the "’N-
labeled Cpx26-83 bound to the unlabeled Syx1a(188-259)/SN1(red contours). (¢) 'H-"N
TROSY-HSQC spectra of the '"N-labeled Cpx26-83 bound to t-SNARE complex
containing the unlabeled Syx1a(188-259)/SN1/SN3 (red contours).
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CHAPTER 4

DISCUSSION AND SUMMARY

4.1 Discussion and Summary

The goal of our investigations was to delineate interactions between complexin
and SNARE components that lead to the formation of a primed minimal fusion
machinery. We have generated and used new constructs of short forms of synaptobrevin
and complexin, as well as constructs of SNAP-25 and syntaxin that have previously been
shown to be part of a minimal fusion machinery. The use of the short synaptobrevin
constructs has led to experimental results suggesting at least two key intermediates during
the docking/priming process that are independent of complexin. Furthermore, we have
found new evidence that complexin can bind to the t-SNARE complex, in contrast to
earlier evidence suggesting that complexin regulates the fully assembled SNARE
complex (Pabst et al., 2002). Together, these data suggest new key interactions between
components of the SNARE complex, as well as a model for the docking/priming step

preceding vesicle fusion.

4.1.1 v-SNARE / t-SNARE interactions

Our initial goal was to find evidence supporting a model in which complexin
regulates the docking/priming reaction by binding to partly assembled SNARE
complexes. For this purpose, we generated short fragments of the v-SNARE
synaptobrevin 2 and of complexin. Our initial hypothesis was that such regulation occurs

through the displacement of the Syb2-CT by the complexin accessory helix, but we found

59
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no evidence that complexin binding is affected by the presence or absence of the Syb2-
CT module.

More importantly, however, we found evidence for a modular assembly of the
full SNARE complex. In the absence of Syb2-CT, the N-terminal half of SNARE
complex forms a four-helix bundle, while the C-terminal half, starting just after the polar
layer, is disordered. In the presence of the Syb2-CT, however, both halves of the SNARE
complex form a four-helix bundle. It is interesting to note that Syb2 residues 29-84 are
sufficient for formation of the fully assembled SNARE complex. This evidence strongly
suggests the existence of at least two intermediates during the docking priming reaction.
The first intermediate is formed by the N-terminal module of the SNARE complex, up to
and including the polar layer. The second intermediate consists of both N- and C-terminal
modules of the SNARE complex folded to a four-helix bundle. Some evidence for such
modules has been provided by deuterium exchange studies (Chen et al., 2002), that found
that complexin binds more tightly to the N-terminal SNARE module than to the C-
terminal module. Other studies suggest a “progressive zippering model” for the assembly
of the C-terminal end of the full SNARE complex (Siddiqui et al., 2007). In the context
of these studies, our results suggest that the N-terminal, membrane distal module of the
SNARE complex is formed early during the docking reaction, while formation of the C-
terminal, membrane-proximal module could be through “zippering up” from the polar

layer towards the membrane, ultimately leading to membrane fusion.

4.1.2 Complexin / t--SNARE interactions
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Previous studies have suggested that complexin binds to the fully assembled
SNARE complex (Pabst et al., 2000). The crystal structure of the Cpx26-83/SNARE
complex suggests that the binding surface for complexin is formed mainly by Syb2(29-
96), and to a lesser extent by Syxla(188-259), supporting the notion that the fully
assembled SNARE complex is required for complexin binding. However, several recent
studies suggested that complexin can bind the t-SNAREs, without the requirement for the
v-SNARE component (Guan et al., 2008; Weninger et al., 2008). In light of this new data,
we decided to investigate, using full-length complexin, rather than Cpx26-83 as before,
the interactions between full-length complexin (Cpx-FL) and the t-SNARE complex
components SN1, SN3 and Syx1a(188-259). We were able to confirm by NMR that Cpx-
FL binds the t-SNARE complex SN1/SN3/Syx1a(188-259) in solution, as was suggested
for membrane-bound t-SNAREs (Guan et al., 2008; Weninger et al., 2008). Note,
however, that the t-SNARE complex does not contain the large complexin-binding
interface provided by Syb2. Furthermore, we found that Cpx-FL also binds t-SNARE
sub-complexes formed by SN1/SN3, and SN1/Syx1a(188-259), while very little binding
was observed between Cpx-FL and Syx1a(188-259) alone. This finding is particularly
interesting, because the crystal structure of the fully assembled SNARE complex does not
suggest any binding between Cpx26-83 and either SN1 or SN3, whereas the only
common component in all of the above experiments was SN1 domain. One possibility to
explain these results is that SNARE complex assembly is highly dynamic, with
components able to bind in different relative orientations (Weninger et al., 2008), and that
complexin can bind to and distinguish different sets of SNAREs (Pabst et al., 2000).

However, it is also tempting to speculate that the N-terminal portion of complexin forms



62

another SNARE-binding domain that can loop around to bind to t-SNARE components
on the same complex, or extend to bind t-SNARE components on other, adjacent SNARE
complexes. One implication of such a model with a bivalent complexin is that this
interaction could cluster several closely associated SNARE complexes in a spatially
defined manner. Even more interestingly, complexins ability to bind different sub-
components of the same SNARE complex may enable it to distinguish between different
aggregation states of the SNARE complex. In this case, complexin could play the role of
a highly specific regulator for assembly and priming of a fusion-competent SNARE
complex. Although this model is very attractive to explain complexins complexities, it

will be necessary to conduct further experiments to validate these ideas.
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