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ABSTRACT: Release of neurotransmitter from synaptic vesicles requires the Ca2+/phospholipid-binding
protein synaptotagmin 1. There is considerable evidence that cooperation between the tandem C2 domains
of synaptotagmin is a requirement of regulated exocytosis; however, high-resolution structural evidence
for this interaction has been lacking. The 2.7 Å crystal structure of the cytosolic domains of human
synaptotagmin 1 in the absence of Ca2+ reveals a novel closed conformation of the protein. The shared
interface between C2A and C2B is stabilized by a network of interactions between residues on the
C-terminalR-helix of the C2B domain and residues on loops 1-3 of the Ca2+-binding region of C2A.
These interactions alter the overall shape of the Ca2+-binding pocket of C2A, but not that of C2B. Thus,
synaptotagmin 1 C2A-C2B may utilize a novel regulatory mechanism whereby one C2 domain could
regulate the other until an appropriate triggering event decouples them.

Ca2+-dependent release of neurotransmitter into the syn-
aptic space is one of the fundamental tenets of modern
neurobiology. This aspect of neuronal function has been
studied for many years, yet the molecular details are only
now being elucidated. The process begins with a neurotrans-
mitter-filled synaptic vesicle progressing from a docked
position to a primed, fusion-competent position next to the
target membrane. Once the vesicle membrane and the target
membrane fuse, neurotransmitter is released into the synaptic
space. The merger of these two distinct bilayers, and the
concomitant formation of a lipidic fusion pore, is mediated
by Ca2+ and a number of proteins specific for the task. These
include the protein complex formed between vesicle-localized
R-SNAREs1 such as synaptobrevin and the Q-SNAREs such
as SNAP-25 and syntaxin. This protein complex either acts
as a staging platform for other constituents required for

vesicle fusion (1) or may directly participate in the actual
fusion event itself (2). Regardless of the specific mechanism,
the fusion of vesicle membranes with presynaptic membranes
requires a calcium ion sensor or trigger. The C2A-C2B
domains of synaptotagmin 1 (Syt1) possess the Ca2+-
dependent phospholipid-binding activity (3) and the SNARE-
binding activity predicted for such a trigger (4).

Syt1 is a vesicle-localized transmembrane protein with two
tandem C2 domains (C2A and C2B) at the C-terminus of
the protein. There are two possible explanations for the
tandem C2 domain architecture of Syt1. Either the two
domains are joined by a flexible linker and are completely
independent or there is some degree of cooperativity between
the domains that is essential to the overall function of the
protein. These two scenarios are not mutually exclusive, as
evidence exists for both. NMR analysis of Syt1 C2A-C2B
concluded that there was no detectable interaction between
the domains (5). Also, the crystal structure of Syt3, a
homologue of Syt1, displays no evidence of interdomain
interaction (6) (Figure 1B). On the other hand, the C2
domains of Syt1 are known to function synergistically when
compared to isolated C2 domains (7). Subsequent experi-
ments concluded that a close physical coupling of the tandem
domains is critical for function (8).

Each C2 domain of synaptotagmin 1 is formed from eight
â-strands arranged around a Greek key topology, known as
the C2 key (9). The curvature of the domains is governed
by a series of tandemâ-bulges, some of which are unique
to the C2 domain. Both the C2A and C2B domains of Syt1
have extended loops at one end of the domain (loops 1-3)
that have been specialized for Ca2+/phospholipid binding
(10). Three ions can bind in a cuplike depression formed
from these loops, but only loops 1 and 3 contribute calcium
ion-binding residues. Loop 2 contributes to the overall shape
of the Ca2+-binding pocket, but does not directly participate
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in the coordination of cations. Hydrophobic residues at the
apexes of loop 1 and loop 3 embed the domain in the target
membrane (11, 12). In the isoforms of Syt that bind Ca2+,
five conserved acidic residues on loops 1 and 3 coordinate
the binding of Ca2+. Both X-ray studies and NMR analysis
of the cation-binding properties of the Syt1 C2A domain
confirm that the C2A domain can accommodate three
calcium ions (10, 13), while the C2B domain binds two (14,
15). However, the isolated C2 domains show no gross
structural change when the Ca2+-free and Ca2+-bound states
are compared (16); therefore, any structural change associated
with full-length synaptotagmin function must rely on relative
domain motions and not intradomain changes.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification.Human synaptotag-
min 1 C2A-C2B was obtained via PCR from a human
hippocampal Quick-Clone cDNA library (Clontech). An 858-
nucleotide fragment comprising Syt1 C2A-C2B residues
141-422 was directly cloned into PCR2.1 (Invitrogen),
excised usingBamH1 andXho1, and subsequently subcloned
into pGEX4T-1 (GE-Healthcare). DNA sequence analysis
confirmed insertion in the correct reading frame with respect
to the GST fusion partner. The cytosolic fragment of human
synaptotagmin 1, containing only the cytosolic C2A and
C2B, was overexpressed inEscherichia colias a GST fusion
protein (17) and purified.

Diffraction Data Collection. Data were collected at the
Stanford Synchrotron Radiation Laboratory (SSRL) on
beamline 11-1 at a wavelength of 0.97 Å (Table 1). The data
sets were collected at 100 K using an ADSC image plate
detector. Data were integrated, reduced, and scaled using
HKL2000 (18). The crystals were indexed in the orthor-
hombic space groupP212121; data statistics are summarized
in Table 1.

Structure Determination and Refinement.Crystals were
grown in the absence of Ca2+ as described elsewhere (17).

The structure of synaptotagmin 1 C2A-C2B was solved via
molecular replacement using Phaser (19) using diffraction
data collected from one crystal to 2.7 Å (Table 1). Initial
model coordinates were obtained using the C2A domain
(PDB code 1BYN) and the C2B domain (PDB code 1TJX).
Model building was done with Coot (20). Refinement of the
model was carried out with CNS with a random subset of

FIGURE 1: Open and closed conformations of synaptotagmin. (A) Stereoview of Syt1 C2A-C2B in the closed configuration. The C2A
domain is colored as green ribbons. The C2B domain is colored as blue ribbons. The six known Ca2+-binding residues are shown as sticks.
(B) Stereodiagram of synaptotagmin 3 C2A-C2B in the open configuration (PDB code 1DQV). The C2A domain in Syt3 is rendered as
green ribbons. The C2B domain in Syt3 is rendered as blue ribbons. Yellow spheres represent magnesium ions.

Table 1: Data Collection and Refinement Statistics for Syt1 C2AB

Data Collection
space group P212121

cell dimensions
a, b, c (Å) 82.3, 86.3, 147.2
R, â, γ (deg) 90, 90, 90

resolution (Å) 50-2.7 (2.85-2.7)a

Rsym or Rmerge(%) 8.6 (44)a

I/σ(I) 13 (2.8)a

completeness (%) 99.5 (99.9)a

redundancy 4.0 (4.0)a

Refinement
resolution (Å) 46-2.7
no. of reflns 29304
Rwork/Rfree 25.3/23.0
no. of atoms

protein 4514
ligand/ion 8
water 43

B factors (Å2) chain A+ chain B
protein 47
ligand/ion 40.5
water 33

rms dev
bond lengths (Å) 0.007

bond angles (deg) 1.3

Ramachandran Mapb

most favored regions (%) 89.2
additional allowed regions (%) 10.8
generously allowed regions (%) 0
disallowed regions (%) 0

a All data were collected from a single frozen crystal. Values in
parentheses are for the highest-resolution shell.b For chains (A+ B)
in the ASU.
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all data set aside for calculation ofRfree (10%). Manual
adjustments to the models were carried out with Coot. After
refinement of the protein was complete, solvent molecules
were assessed followed by manual adjustments. Chloride ions
were assigned on the basis of the chemical environment, the
refined B factor vs that of the other water molecules, and
the available coordination potential. The structure of C2A-
C2B was verified by examining a simulated annealing omit
map generated with CNS v1.2 (Figure S1 in the Supporting
Information). There were no residues in disallowed regions
of the Ramachandran map (Table 1). All figures were
rendered with Pymol (21).

RESULTS AND DISCUSSION

To examine whether the C2 domains of Syt1 interact with
each other prior to a Ca2+-dependent switch, we solved the
2.7 Å crystal structure (Table 1) of the complete cytosolic
portion of Syt1 C2AB (Figure 1A). The protein was purified
in the presence of EDTA, and no additional sources of
divalent cations were added at the crystallization stage. We
show that the two C2 domains of Syt1 are capable of forming
specific interdomain interactions between amino acids on the
H-A helix of C2B and residues on loops 1-3 of C2A. These
interactions distort loop 3 of C2A relative to the conformation
of the same loop in the isolated C2A domain. The two Syt1
C2AB molecules in the asymmetric unit show the same
interactions; further, there are no crystal contacts that would
artificially distort loop 3 of C2A. Therefore, this orientation
likely represents the interdomain interactions that are present
in Syt1 prior to the Ca2+ flux.

OVerall Structure of Syt1 C2A-C2B. As this is the first
atomic structure of Syt1 C2A-C2B, we have defined the
extent of the C2 domains, as well as the linker, on the basis
of their structural contributions to the overall fold of the
protein. The residue numbering used throughout will cor-
respond to the well-described rat Syt1 protein sequence,
unless otherwise noted. The human Syt1 primary sequence
is essentially identical to the rat/mouse sequence with the
exception of one additional amino acid at the extreme
N-terminus. We define a residue as part of the C2 domain
“motif” if it interacts with other amino acids in the fold either
by contributing a hydrogen bond to peptide backbone
residues or by packing next to other secondary structural
elements within the C2 domain. By this definition, the C2A
domain extends from residue Leu-142 to Gln-263. The nine-
residue linker extends from Ser-264 to Lys-272. The C2B
domain of Syt1 extends from Leu-273 to Lys-423. The two
C2 domains of human Syt1 share∼33% primary sequence
identity; however, C2B possesses additional residues that
correspond to twoR-helices near its C-terminus (H-A and
H-B) (14, 15). Primary sequence alignment of all the known
human isoforms of synaptotagmin show that while the H-A
helix is a common feature of most C2B domains, the H-B
helix is present in only a subset of the paralogues (Figure
4).

Variable Loop Conformations of Syt1 C2A-C2B. Syt1
crystallizes as a dimer in the asymmetric unit. While we do
not ascribe physiological meaning to the dimer itself, it does
allow us to compare the loop structures between the two
molecules of the asymmetric unit and the isolated C2
domains, within the limits of our resolution range and

refinement protocol. In this Syt1 C2A-C2B crystal structure,
the tertiary folds of both C2B domains are similar. Further,
the fold of the C2B domains in our crystal is similar to that
of the isolated C2B domain (14, 15). The rmsd between the
isolated C2B structure and the C2B domain in the context
of the tandem C2 domains is 0.58 Å over all CR residues.
We conclude that no part of C2B undergoes significant
structural change in the context of C2A-C2B.

When the two C2A domains present in the crystallographic
asymmetric unit are compared to the isolated Syt1 C2A
domain, there are significant differences in loops 1 and 3
(Figure 2B). These differences are partly due to the hingelike
behavior of the loops in the unliganded state of the C2A
domains in this crystal. Because of this hinge motion, Asp-
172, one of the Ca2+-binding residues on loop 1, was traced
near the surface of the domain in one molecule, while the
other conformation was directed in toward the Ca2+-binding
pocket (Figure 2A). The flexible nature of this loop was not
observed for C2B, as both loops 1 and 3 appear to be well
ordered in this crystal form.

The structural variations observed in loop 3 of C2A are
evident when C2A-C2B is compared to either the isolated
Syt1 C2A crystal structure (with no Ca2+) (9) or Syt1 C2A
with saturating Ca2+ (22) (Figure 2A). Regardless of the Ca2+

occupancy of the isolated C2A domain, the absolute position
of loop 3 resembles that of the C2B domains; consequently,
the Ca2+-associating residues are oriented to bind calcium
ion. However, in the C2A-C2B domain structure, this loop
is restrained in an alternate conformation that is not consistent
with the typical Ca2+ coordination geometry previously
observed in the C2A domain. Typical calcium ion coordina-
tion by proteins utilizes a pentagonal bipyramidal array with
an average 2.4 Å separation to oxygen atoms (23). This type
of coordination is not possible while loop 3 is restrained by
C2B. Therefore, given this geometry, one would not expect
C2A to bind Ca2+ in the presence of C2B while in the closed
conformation.

Modulation of Loop 3 in C2A.The stabilization of loop 3
in this alternate position involves key residues in the
“...SDPYVKV...” sequence in C2A. This motif is highly
conserved across many C2 sequences, so the potential to
modulate loop 3 may be a common feature of the C2 domain
(Figure 4). The Ca2+-binding conformation of loop 3 in the
isolated C2A domain is stabilized by a hydrogen bond
between His-237 (H-bond acceptor) and the central Tyr in
the sequence motif listed above (Tyr-180, the H-bond donor)
(Figure 5B). However, in the human Syt1 C2A-C2B
structure, an alternate interaction of His-237 with Thr-406
in the C2B domain allows loop 3 in C2A to collapse (Figure
5A). The importance of this Tyr onâ-sheet 3 at this special
position is supported by genetic evidence.

In theDrosophilaSyt1 C2B domain, the mutation of Tyr-
364 to Asn (known as the AD3 mutation) abolishes Ca2+-
evoked neurotransmitter release (24, 25). By raising extra-
cellular Ca2+ from 400 µM to 6 mM, exocytosis in these
mutants can be partially rescued (26). This implies that the
divalent cation-binding machinery is still present in C2B,
but the affinity for Ca2+ has been drastically altered. The
marked phenotype of this mutation clearly illustrates that
there is a direct link between Tyr-364 and Ca2+ affinity. To
understand the relationship between our structure of human
Syt1 C2AB and this mutation inDrosophila, we computed

Crystal Structure of Syt1 C2AB Biochemistry, Vol. 46, No. 45, 200713043



a homology model ofDrosophila Syt1 C2B based on the
primary structure alignment of all available Syt1 orthologues
and our X-ray structure of human Syt1 C2B (data not shown).
In this model, Tyr-364 inDrosophilaSyt1 C2B is homolo-
gous to the Tyr-180 position in the human Syt1 C2A domain.
The model also predicts that Ser-423 (on loop 3) serves as
the H-bond acceptor of Tyr-364 (â-sheet 3). We hypothesize
that the phenotype of the AD3 mutation results from the
removal of the hydrogen bond between Tyr-364 onâ-sheet
3 and Ser-423 on loop 3 ofDrosophilaC2B, thus collapsing
loop 3 of C2B. The collapse of loop 3 repositions the Ca2+-
binding residues, thereby increasing the amount of Ca2+

needed to rescue function. A homologous process may be
occurring in human Syt1 C2A by the close proximity of C2B.
Since C2B reorients His-237, the H-bonding acceptor to Tyr-
180, the same loss of Ca2+ affinity could be occurring in
C2A (Figure 5B). Therefore, the AD3 mutation may mimic
the behavior of the wild-type C2A domain under the
influence of C2B.

Interdomain Interactions.The conformation of loop 3 in
C2A is restrained exclusively by the interdomain interactions
described below. As there are no significant contacts made
by crystallographically related molecules, we conclude that
the interactions we observe are possible in the native protein.

FIGURE 2: (A) Superposition of the isolated Syt1 C2A domain (PDB code 1RSY, yellow), the Ca2+-saturated Syt1 C2A domain (PDB code
1BYN, cyan), and C2A (in this crystal structure, green). The C2B domain is shown in gray. The Ca2+-binding residues for the C2A domain
are shown as sticks. The more distal position of Asp-172 in the C2AB structure is highlighted. The N- and C-termini of the synaptotagmin
C2A-C2B protein are labeled as N and C. (B) Rmsd plot over all CR atoms between each of the C2A domains in the C2A-C2B crystal
structure and the isolated C2A domain (1RSY). The red curve is the C2A domain of molecule A vs 1RSY, and the blue curve represents
molecule B vs 1RSY. The residue ranges corresponding to loops 1 and 3 are shown by the bars above the major peaks. NCS restraints were
used throughout the refinement with the exception of residues of loops 1 and 3 in C2A, where considerable differences in the path of the
loops were observed.

FIGURE 3: Stereoview of the C2A-C2B interdomain interactions. C2A is rendered in green ribbons, and C2B is rendered in gray on the
right. Interacting residues are labeled according to the rat Syt1 numbering scheme. Also shown is the intradomain interaction between
Asp-232 in C2A and the backbone amide of Phe-234.
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Almost all of the amino acid interactions that link C2A with
C2B are located on the H-AR-helix of C2B and loops 1-3
of the divalent cation-binding pocket of C2A (Figure 3). Arg-
388 on the H-A helix of C2B forms a salt-bridge interaction
with Asp-178 located on loop 1 of C2A. In previous
structural analysis, Asp-178 contributes a single carbonyl
oxygen to the highest affinity Ca2+-binding site (9). When
Asp-178 is mutated to Asn in the isolated C2A domain, Ca2+

binding is disrupted (27, 28). Since the observed interaction
between Asp-178 and Arg-388 directly links C2B to calcium
ion-binding residues in C2A, it is tempting to conclude that
this interaction may represent a switch or trigger to link Ca2+

occupancy to Syt1 function. However, when this mutation
was introduced intoDrosophila, no significant phenotype
was observed (29). While Asp-178 is certainly important to
the overall function of Syt1, it is clear that this residue is
not solely responsible for the interactions with C2B. A
second interdomain interaction observed between C2A and
C2B is contributed by Asp-392 of C2B. This residue forms
a bifurcated salt bridge between Asp-392 and Arg-199 on

loop 2 in C2A and between Asp-392 and Arg-233 on loop
3. Arg-199 is also a notable residue as it participates in
several activities of C2A (interactions with phospholipid (12)
and SNARE components) and is a contributor to the
electrostatic switch of C2A (30).

Consequences of the Tandem Arrangement.Most C2
domains share two common functions: The first is as an
adapter module that links a client protein or a neighboring
motif to a phospholipid bilayer through the hydrophobic
residues at the tips of the C2 domain (31), and the second
function is mediated through the effector-binding polybasic
regions (32, 33). In the closed conformation, the association
with C2B affects residues that mediate both of these
activities. The polybasic region of C2A is composed of four
contiguous Lys residues at the amino terminus of theâ-strand
and three basic amino acids at the carboxy terminus of
â-strand 4. While the biological function of the polybasic
domain of C2A in Syt1 function is not as clear as that of
C2B, this region of C2A is almost completely occluded by
its interaction with C2B. Upon forming the closed conforma-

FIGURE 4: ClustalW alignment of the reported human synaptotagmin paralogues. The green arrows correspond toâ-sheet structures in the
C2 domains. The green tubes representR-helical regions in the C2B domain. The top half of the alignment shows residues Glu-169 to
Gly-242 in human Syt1 C2A; the bottom half only shows residues Gly-385 to Lys-422 in C2B. Residues highlighted in red correspond to
acidic residues in Syt1 C2A known to coordinate Ca2+. Red residues in Syt2-17 share homologous positions and, in most cases, contribute
to Ca2+ binding in those isoforms. The residues highlighted in the yellow box are those inâ-strand 3 implicated in the modulated loop 3
structure of Syt1. The other residues homologous to the “SDPYVKV” motif within the yellow box may play similar roles in other paralogues.
Residues in blue were observed forming salt bridges between C2A and C2B in Syt1. Residues boxed in red comprise the conserved “WHxL”
motif.
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tion, ∼890 Å2 of solvent-accessible surface area is buried
per C2 domain. This degree of domain contact is comparable
to that of other observed protein dimer interfaces and is
indicative of associations that require weaker interactions
(34). Thus, the closed conformation of Syt1 may obstruct
premature interactions with effectors such as phospholipids,
syntaxin, or the voltage-gated Ca2+ channel (30, 35, 36).
Another notable feature of C2B is the highly conserved
“WHxL” sequence in C2B. This motif has been implicated
in docking events and neurexin binding of Syt1 in the
synapse (37). In the closed conformation of Syt1 C2A-C2B,
∼40% of the solvent-exposed surface area of the “...WHTL...”
motif is occluded by the C2A-C2B interface. Most of this
surface area is lost by burying Trp-405 within the interface.
If this sequence does mediate the docking of synaptotagmin
to the plasma membrane through a specific receptor, then it
would be unable to do so while in this closed conformation.

Implications for Other Synaptotagmin Orthologues.The
human genome possesses genes for at least 17 distinct
synaptotagmin proteins (Figure 4). The excessive redundancy
of the Syt orthologues is either due to the critical nature of
Syt in regulated exocytosis (38) or as part of an intricate
addressing system that allows for the temporal and spatial
fine-tuning of fusion between specific vesicles and specific
membrane targets in various cell types (39). The residues
that we observe at the interface between C2A and C2B are
present in many of the other isoforms, but not all. Therefore,
it is conceivable that this C2A-C2B domain orientation is
unique to Syt1. The position of C2A relative to C2B may
vary by homologue depending on the particular biological
requirements of the cell.

CONCLUSION

The C2A and C2B domains of Syt1 are related by a∼108°
rotation about the linker axis. This is in contrast to the more
“open” conformation of Mg2+-bound Syt3 C2A-C2B where
there are no interdomain interactions between domains and
the phospholipid-binding loops directly face one another
(Figure 1B) (6). NMR analysis of Syt1 C2A-C2B concluded
that, like Syt3, the domains of Syt1 can be separate and

noninteracting (5). However, we clearly observe extensive
interactions between domains. To rationalize these seemingly
disparate results, we hypothesize that Syt1 possesses an open
conformation and a closed conformation that are critical to
its function. The closed form may be required for regulating
the activity of Syt1 prior to fulfilling its role in exocytosis,
while the open form may be required for effector interaction
during the final stages of exocytosis.

We propose that, while still in this closed conformation,
C2B‚Ca2+ initially localizes to the membrane surface and
may begin to associate with phospholipid membranes and
other factors required for exocytosis (40). As the Ca2+/
phospholipid-binding loops of C2B are already in a confor-
mation amenable to phospholipid interaction, it is reasonable
to assume that C2B will behave as a phospholipid-binding
module to initially localize the Ca2+ sensor to the target
membrane. This may explain why C2B appears more
essential to the Syt1 protein, as it could be the first domain
capable of responding to cytosolic Ca2+ gradients (41). At
some point, the C2A domain must detach from C2B under
the influence of a trigger. We predict that the trigger will be
a threshold Ca2+ concentration, but phospholipid interaction,
effector protein binding, or some combination of the three
may initiate the transformation of the Syt1 molecule to an
open conformation. Next, the divalent cation-binding loops
1 and 3 of C2A will attain their final conformation as calcium
ions occupy binding sites (40). The final phase of synap-
totagmin action is presently unclear, as it may involve a direct
mechanism of phospholipid demixing that leads to fusion,
or the protein will set the stage for another component to
facilitate the final step. This model of Syt1 C2AB also
suggests a mechanism whereby the two C2 domains of
synaptotagmin may act on the target membrane in series
rather than in parallel, thereby providing a true structural
trigger. Consequently, C2A may only attain its final Ca2+-
occupied, membrane-binding competent structure during the
final few microseconds prior to exocytosis. Defining the
structural basis for the interactions of synaptotagmin 1, as
well as other isoforms, with SNARE components and
phospholipid bilayers will be the focus of future studies.

FIGURE 5: The rotameric position of His-237 depends on whether C2A is coupled to C2B. (A) The His-237 residue can pair with Thr-406
in C2B. C2B is rendered as gray helices and ribbons. (B) Hydrogen-bonding partner of His-237 in the isolated C2A domain of rat
synaptotagmin 1 (1RSY).
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Representative electron density, http://xray.utmb.edu/∼sut-
ton/biochemistry_el_density_map.pdf, 2mFo - DFc simulated
annealing (SA) composite omit map (at the 1.0σ contour
level) of the interfacial residues between Syt1 C2A and C2B
(residues in green localize to the C2A domain, whereas the
gray residues localize to the C2B domain). This material is
available free of charge via the Internet at http://pubs.acs.org.
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