
Solution and Membrane-Bound Conformations of the Tandem
C2A and C2B Domains of Synaptotagmin 1: Evidence for Bilayer
Bridging

Dawn Z. Herrick,
Department of Chemistry and Biophysics Program at the University of Virginia, Charlottesville, VA,
22904-4319

Weiwei Kuo,
Department of Chemistry and Biophysics Program at the University of Virginia, Charlottesville, VA,
22904-4319

Hao Huang,
Department of Chemistry and Biophysics Program at the University of Virginia, Charlottesville, VA,
22904-4319

Charles D. Schwieters,
Division of Computational Bioscience and Center for Information Technology at the National
Institutes of Health, Bethesda, MD, 20892.

Jeffrey F. Ellena, and
Department of Chemistry and Biophysics Program at the University of Virginia, Charlottesville, VA,
22904-4319

David S. Cafiso*
Department of Chemistry and Biophysics Program at the University of Virginia, Charlottesville, VA,
22904-4319

Summary
Synaptotagmin 1 (syt1) is a synaptic vesicle membrane protein that functions as the Ca2+-sensor in
neuronal exocytosis. Here, site-directed spin labeling was used to generate models for the solution
and membrane bound structures of a soluble fragment of syt1 containing its two C2 domains, C2A
and C2B. In solution, distance restraints between the two C2 domains of syt1 were measured using
double electron-electron resonance (DEER) and used in a simulated annealing routine to generate
models for the structure of the tandem C2A-C2B fragment. The data indicate that the two C2 domains
are flexibly linked and do not interact with each other in solution, with or without Ca2+. However,
the favored orientation is one where the Ca2+-binding loops are oriented in opposite directions. A
similar approach was taken for membrane associated C2A–C2B, combining both distances and
bilayer depth restraints with simulated annealing. The restraints can only be satisfied if the Ca2+ and
membrane binding surfaces of the domains are oriented in opposite directions so that C2A and C2B
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are docked to opposing bilayers. The result suggests that syt1 functions to bridge across the vesicle
and plasma membrane surfaces in a Ca2+-dependent manner.

Keywords
Site-directed spin labeling; EPR spectroscopy; membrane fusion; protein-membrane interactions;
calcium-binding protein

Introduction
Neuronal exocytosis is a highly coordinated Ca2+-triggered process that involves the fusion of
synaptic vesicles with the pre-synaptic membrane. This fusion event is regulated and facilitated
by a large number of proteins, including the SNARE proteins. The SNAREs comprise the
conserved molecular core of the fusion machinery and form a helical bundle that acts to tether
the vesicle to the plasma membrane 1; 2; 3. In the neuronal system, there is good evidence that
synaptotagmin 1 (syt1) acts as the Ca2+ sensor for SNARE-mediated fusion 4; 5; 6; 7.
Synaptotagmin 1 (Figure 1) is a membrane protein with two C2 domains (C2A and C2B) that
are anchored to the vesicle membrane by a transmembrane helix located near its N-terminus.
The C2A and C2B domains bind Ca2+, and they have been shown to bind membrane surfaces
containing negatively charged lipid in a Ca2+-dependent fashion so that their first and third
Ca2+-binding loops penetrate into the lipid bilayer 8; 9; 10; 11; 12. Synaptotagmin 1 also interacts
with the SNARE complex, apparently in both Ca2+- independent and Ca2+-dependent modes
3; 4; 5; 13.

The mechanism by which syt1 triggers exocytosis it is presently not understood. There is
evidence that syt1 may trigger exocytosis by interacting with membranes, the SNARE proteins
or both. For example, it has been proposed that syt1 acts by directly binding to and regulating
the SNAREs 14, or by binding to membranes and creating curvature strain within the bilayer
15. There is also evidence to support the proposal that syt1 acts to bridge across the vesicle and
plasma membranes, either through the C2B domain 16; 17, or by having the two C2 domains
bind to opposing membranes 18; 19.

The structures of the individual C2 domains of syt1 (C2A and C2B) have been known for some
time 20; 21; 22; 23; however, the orientations of the two domains, relative to each other, in
solution or bound to bilayers is not known. Recently a high-resolution structure for a fragment
of syt1 containing its two C2 domains (syt1C2AB) was determined by crystallography in the
absence of Ca2+ 24. In this crystal structure (Fig. 1b), the two C2 domains interact so that the
Ca2+-binding loops of C2A interact near the HA helix on C2B that connects strands 7 and 8.
This structure suggests that the two C2 domains might be designed to interact with each other
in the absence of Ca2+, resulting in an inactive or closed form. The membrane binding regions
in this structure are also facing in roughly opposite directions, suggesting that syt1 may be
designed to interact with different membrane surfaces. Evidence for a direct interaction
between the two C2 domains in syt1C2AB has also been obtained by FRET, but in this case,
Ca2+ appears to induce an association of the two domains 25. In contrast to these two studies,
NMR spectra of the soluble syt1C2AB fragment suggest that the two domains do not interact
with each other in solution 16; however, there may be conditions, bound to membranes or bound
to SNAREs, where the two domains associate.

In the present work, site-directed spin labeling and pulse EPR spectroscopy were used to
measure distances between pairs of spin-labels where one spin label was incorporated into C2A
and a second label into C2B. These EPR-derived distance constraints were used in combination
with simulated annealing to generate structures for syt1C2AB. In solution, the data show that
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the two C2 domains of syt1 are flexibly linked and sample a range of conformations; however,
the average conformation is one where the membrane binding surfaces of C2A and C2B are
oriented in opposite directions. When bound to membranes, EPR-derived distance and bilayer
depth restrains can only be satisfied when the two domains are docked to opposing bilayers.
We discuss the implications of these results, which suggest that the C2 domains of syt1 may
be configured to bridge from the vesicle to the plasma membrane.

Results
EPR spectra are consistent with the high-resolution structures of C2A and C2B and do not
show evidence for a close approach of these domains

Thirteen sets of double cysteine mutants of syt1C2AB were produced, with one cysteine site
located in C2A and a second site located in C2B. These cysteines were derivatized with a
methanethiosulfonate nitroxide to incorporate either the R1 or in a few cases, the R7 side chain
(Fig. 2a). Shown in Fig. 2b are the continuous wave EPR spectra of these mutant pairs labeled
with R1. The EPR spectra arising from pairs of loop sites, such as 173R1/304R1, result from
nitroxides that are mobile on the ns time-scale, typical of the R1 label at exposed loop sites
26; 27. The broader spectra, such as those from 189R1/327R1 and 244R1/327R1, result from
labels that are more restricted in their motion, typical of β-sheet regions 28.

The EPR spectra shown in Fig. 2b may be approximated by summing the spectra of the
individual labeled sites without any line broadening. For pairs of labels that are closer than 20
Angstroms, continuous wave EPR spectra are broadened due to dipolar interactions 29; 30, and
the spectra in Fig. 2b indicate that the distance between labels in C2A and C2B exceeds 20
Angstroms. The spectra are not significantly altered by the addition or removal of Ca2+,
indicating that the labels in C2A and C2B are never close. The slight decrease in normalized
intensity that is seen in the presence of Ca2+ in some spectra (for example, 173R1/304R1) is
not the result of a change in interspin distance, but is the result of a slight decrease in backbone
dynamics of the loop sites upon Ca2+ binding 9; 21.

Distance measurements between C2A and C2B are characterized by broad distributions,
consistent with a flexible linker

Pulse EPR techniques permit the measurement of weak dipolar interactions between pairs of
spin labels, allowing both distances and distance distributions between labels to be estimated
31; 32; 33; 34. In the present work, the four pulse, double electron-electron resonance (DEER)
experiment was used to measure dipolar interactions between the spin labeled pairs in Fig. 2b.
Shown in Figure 3 are representative DEER signals obtained for 5 pairs of labels, where the
background signal due to intermolecular spin interactions has been subtracted. These signals
are time-dependent amplitudes of a spin echo, which is modulated at the frequency of the
dipolar interaction. Also shown in Figure 3b are fits to these DEER signals assuming a Gaussian
distribution of distances. A deconvoluted dipolar spectrum (Pake pattern), and the resulting
Pake pattern from the fit are shown in Fig. 3c. In these cases, a simple Gaussian distribution
provides an adequate fit to the data.

Nitroxides that are separated by a well-defined distance having a narrow distance distribution
will yield DEER signals that oscillate. The DEER signals obtained from labels in syt1C2AB
are dampened, indicating that there is a broad distance distribution between the interacting
spins. The distances obtained from the 13 sets of double labeled mutants in solution in the
presence of Ca2+ are shown in Table 1. These distances ranged from 33 to 60 Angstroms, where
the standard deviations describing the Gaussian distributions that fit the data ranged from 5 to
as large as 18 Angstroms.
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Estimating and subtracting the intermolecular background from DEER signals can be
problematic, particularly for the longer distances measured here 34. As indicated in Table 1,
there is a substantial uncertainty in some of these distances, and several approaches were used
to minimize this error and ensure that the background signals were as accurately subtracted as
possible. First, the dipolar evolution time used in these experiments was varied and extended
in several cases to longer than 4 µs, to more accurately assess the background. This did not
significantly alter the distance or the distribution. Second, the form of the background
subtraction used was confirmed by running DEER experiments on syt1C2AB with a single
spin label in either C2A or C2B. For these cases, no DEER signal was obtained following
subtraction of the background.

The broad distance distributions seen in Table 1 might have several different origins. A number
of the labeled sites are within the calcium-binding loops, and the mobility of these loops might
be the source of the broad distributions. However, these loops are not highly mobile in the
presence of Ca2+ and are resolved in the crystal structures. In addition, labels placed within
the more highly structured β-sheet regions of the C2 domains give similar distributions
(compare for example, 173/332 and 244/327). The broad distributions might be a result of
varied rotomeric states in the R1 side chain. For spin labels at protein surface sites, rotations
about the 4th and 5th bonds linking the spin label to the protein backbone may make a large
contribution to the distance distribution 30. These rotations may be dramatically limited by the
use of the R7 side chain (Figure 2a) 35. Here, the incorporation of R7 in place of R1 did not
significantly alter either the measured distance or the distance distribution, indicating that the
R1 label rotomers are not the source of the distribution. As a result, the distributions likely
reflect variability in the relative orientations of the two C2 domains, a conclusion that is
consistent with recent work indicating that the protein segment linking C2A and C2B is
unstructured in solution 36.

Ca2+ addition does not produce a significant structural change in syt1C2AB
Distances between C2A and C2B were measured for a number of spin pairs in the absence of
Ca2+. In most cases, the distances obtained do not differ, within experimental error, from those
obtained in the presence of Ca2+ (see Table 1). One exception is the labeled pair, 234R1/304R1,
where the distance increased 3 Å in the presence of Ca2+. For this spin pair, the error in the
distance is estimated to be approximately ±2 Å, and the small change measured is probably
significant. Since 234R1 lies at the apex of one of the Ca2+-binding loops, we speculate that
Ca2+-binding may result in either a small change in loop position, or alter the rotameric state
of the spin label. In all cases, the distance distributions remain broad and do not significantly
change, indicating that a highly defined geometry between C2A and C2B does not exist either
in the presence or absence of Ca2+.

The most probable structure for syt1C2AB in solution is one where the two domains have
opposite orientations

As described in Methods, the simulated annealing software package Xplor-NIH was used to
generate a model for the most probable structure for Ca2+-bound syt1C2AB in solution using
the EPR derived restraints. This essentially involved a “docking” of C2A to C2B using several
pieces of data. First, the thirteen mean distances obtained between C2A and C2B (Table 1)
were used as restraints, using distributions centered about this mean (see Methods). Second,
previous work on syt1C2AB identified sites 266 to 272 in the segment linking C2A to C2B as
unstructured 36, and this segment was not assigned a secondary structure in the simulated
annealing. Finally, the solution structures obtained by NMR 21; 22 were used to fix the backbone
configuration for C2A and C2B.

Herrick et al. Page 4

J Mol Biol. Author manuscript; available in PMC 2010 July 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Shown in Figure 4a is a view of the ten lowest energy structures obtained by simulated
annealing, and Figure 4b is an average structure derived from the 20 lowest energy structures.
The simulated annealing indicates that there are a range of structures consistent with the
distances and distance distributions, but several features in these structures are apparent. The
average separation between the centers of the domains is approximately 40 Angstroms and the
van der Waals surfaces of the two domains do not come into contact. In addition, the two
domains are oriented so that the Ca2+-binding loops and membrane binding surfaces on C2A
and C2B are roughly aligned in opposite directions. The anti-parallel alignment and
orientations of the two domains is similar to that seen in the crystal structure in the absence of
Ca2+ 24 (Figure 1b), however, the two domains are not in contact.

The images in Fig. 4 represent the most populated and the lowest energy structures for the two
domains obtained by simulated annealing, but as indicated by the broad distance ranges (Table
1) and CW spectra from the linker 36, these domains sample a range of configurations and do
not have a fixed orientation relative to each other. The structures presented in Fig. 4 are obtained
when the standard deviation (SD) of the Gaussian distance distribution is set to SD/1.5. As
expected, including a larger or smaller fraction of the Gaussian distance distribution in the
simulated annealing results in a set of structures with a larger or smaller RMSD, respectively
(see Methods).

EPR data indicate that Syt1C2AB binds to two opposing bilayers
Distance measurements from C2A to C2B were also carried out for syt1C2AB bound to
POPC:POPS bilayers, under conditions where both domains are known to be completely
membrane associated 10. The distances and distributions obtained for the membrane bound
form are remarkably similar to those obtained in solution (Table 1). There are no dramatic
changes in distance upon membrane binding, and the distribution of distances between labels
on each C2 domain remains broad. The broad distributions indicate that the geometry between
C2A and C2B retains a high degree of structural heterogeneity even upon membrane
association, a conclusion that is consistent with previous work demonstrating that the linker
connecting C2A with C2B is flexible when syt1C2AB is bound to POPC:POPS bilayers 36.
However, the fact that the mean distances are similar for membrane and aqueous syt1C2AB
suggests that the average configurations are similar in the two environments.

In addition to the inter-domain distances from DEER (Table 1), other restraints for membrane
bound syt1C2AB included 21 point-to-plane depth restraints (Table 2). These depth restraints
were determined by power saturating the EPR spectra of single R1 spin labels on either C2A
or C2B as described previously to provide a measure of the distance from the label to the
average position of the lipid phosphates 10. The point-to-plane depth restraints included 18
depth restraints determined previously from regions around the Ca2+-binding loops 10, as well
as three additional sites on C2A and C2B. Of particular interest are two sites that were chosen
on C2B that are opposite the Ca2+ binding loops (Fig. 5a). Although they are opposite the
membrane face of C2B 12, the measured depth parameters (Φ values) indicate that sites 283
and 285 lie close to the bilayer surface. In particular, 285R1 appears to be positioned at the
level of the lipid phosphate. The EPR spectra obtained from 283R1 and 285R1 are shown in
Fig.5b. The spectrum from 285R1 is a result of rapid anisotropic motion and it exhibits a slight
change upon membrane binding that may be result of a decrease in local polarity. Both 283
and 285 are near two conserved arginine residues at 398 and 399 (Fig. 5a) that have been
proposed to interact with the bilayer surface 17.

To generate membrane bound structures for syt1C2AB, the interdomain distances and signed
point-to-plane depth restraints were incorporated into Xplor-NIH (available starting in version
2.22). Initially, a simultaneous docking of C2A and C2B to each other and to a single plane,
representing the average position of the phosphates at the bilayer interface, was attempted (see
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Methods). The result of this simulated annealing is not realistic and places large regions of
C2B into the bilayer interior. Since the average solution structure in Fig. 4 and the power
saturation data from C2B (Fig. 5) suggest that syt1C2AB might bind with each domain facing
opposing bilayer surfaces, a second approach was taken where the Ca2+ binding loops of C2A
and C2B were docked to opposing, parallel planes representing two bilayer surfaces.
Remarkably, simulated annealing using two planes produced structures for C2AB that satisfied
all the EPR-derived restraints, and the fits appeared to be optimal when the two bilayer surfaces
were separated by approximately 40 to 43 Angstroms.

The structure obtained from simulated annealing using two planes is shown in Fig. 6a. Both
the backbone of the first and third Ca2+-binding loops of each domain are inserted into or
contact membrane interfaces, and the orientation of the individual domains is similar to that
found previously using only depth restraints 10. However, the domains are bound to opposite
surfaces and are oriented in a roughly antiparallel fashion relative to each other. The structure
in Fig. 6a positions the polybasic surface of C2B in an orientation perpendicular to the bilayer
surface, and the regions of C2A and C2B that are opposite the Ca2+-binding loops are
positioned near the opposing bilayer surfaces. This includes sites near R398 and R399 on C2B,
which might be expected to interact electrostatically with the opposing bilayer surface.

It should be noted that the structure in 6a represents one of a family of structures. As was the
case with the solution structure, C2A and C2B do not assume a highly defined orientation
relative to each other in the membrane bound state, but remain flexibly linked.

Discussion
The C2 domains of synaptotagmin 1 have been identified as Ca2+-sensors in neuronal
exocytosis; however, the structural role of the two C2 domains is not known, and it is not clear
whether there are conditions under which the two domains might associate. In the work
described here, distances were measured between the two C2 domains of syt1 in a fragment
containing both domains but lacking the transmembrane segment (syt1C2AB). The data
indicate that the domains do not associate in solution and do not have a fixed orientation relative
to each other. Furthermore, Ca2+ binding does not alter the relative orientation of the two
domains and does not regulate their association or dissociation. These observations are
consistent with EPR spectra, which show that the linker connecting the two domains is
unstructured 36, and consistent with high-resolution NMR data indicating that the two domains
are flexibly linked in solution 16. The data do not support proposals that Ca2+ modulates the
association of the two domains of synaptotagmin 1 24; 25.

Distance restraints obtained using site-directed spin labeling, were incorporated into Xplor-
NIH and simulated annealing was used to generate models for solution and membrane
associated forms of syt1C2AB. In solution, the most favored orientation for the C2A and C2B
domains is one where the two domains are oriented in opposite directions (Fig. 4). This
orientation resembles the crystal structure in the absence of Ca2+, except that the two domains
are not in contact 24. Although there is no permanent contact between the two domains, several
features of syt1C2AB may promote this orientation. First, the C2 domains are highly polarized,
and the electrostatic fields from the two domains may overlap and influence their mutual
orientation.

Second, while the linker is unstructured, it may not be sufficiently long to permit completely
random orientations between the two domains. Remarkably, the distances and distributions do
not change significantly upon membrane association, indicating that syt1C2AB remains highly
dynamic when membrane bound. Furthermore, the membrane bound structure that best fits the
data is one where C2A and C2B are docked to opposing bilayers.
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The structure presented in Fig. 6a provides strong evidence that one function of syt1 may be
to bridge across two bilayers in a Ca2+-dependent manner. Such a bridging function for syt1
is consistent with a number of observations. First, increasing the concentration of syt1C2AB
beyond the levels used here for EPR will result in vesicle aggregation (data not shown). Second,
there have been several recent reports, using light scattering and electron microscopy,
describing syt1 induced aggregation and a close approach of bilayers. Some of this work was
carried out under conditions similar to those used here. In one study, vesicle aggregation could
be induced by C2B alone 16, but in another, only the tandem fragment containing both C2A
and C2B could promote vesicle association 37.

A model for how intact syt1 might bridge across two bilayers is shown in Fig. 6b. In this model
C2B is bound to the plasma membrane surface and C2A to the vesicle membrane surface. The
localization of the C2B Ca2+-binding loops to the plasma membrane surface (rather than the
vesicle surface) might be driven by the presence of PI(4,5)P2 in the plasma membrane (which
promotes C2B membrane binding 8). The C2A domain is more closely tied to the vesicle
membrane though the transmembrane segment, which might also force C2B to interact with
the plasma membrane. The models shown in Figure 6 indicate that the regions of C2B and
C2A that are opposite the Ca2+-binding loops approach bilayer surfaces. We do not presently
have data on C2A, but data obtained here indicate that sites on C2B, which are opposite the
Ca2+-binding region, are close to a bilayer surface when syt1C2AB is membrane bound. This
site lies with a region in C2B that has been proposed to interact with bilayers and bridge C2B
across two bilayers. This interaction might be mediated, in part, through two conserved arginine
resides (R398, R399) that appear to be critical for syt1 function 17.

There is evidence that the polybasic face of C2B interacts with the SNARE complex, and that
a simultaneous interaction takes place between C2B, membranes, and SNAREs in the presence
of Ca2+ 38. The model in Fig. 6 orients the polybasic face of C2B so that it is exposed and
aligned perpendicular to the bilayer surface where it might interact with the surface of the core
SNARE complex. While this syt1-SNARE interaction is feasible given the model in Fig. 6,
we do not presently know whether the syt1 orientation shown in Fig. 6 is maintained in the
presence of SNAREs. Exactly how a syt1/SNARE interaction might trigger fusion is not clear.
There is evidence that syt1 regulates fusion by controlling conformational changes in the
SNAREs 14 or by displacing complexin from the SNARE complex 39. The data presented here
suggest that syt1 might act simply to drive the vesicle and target membranes closer together
in the presence of Ca2+, an event that could alter the configuration of the SNAREs, perhaps
driving them to a fusion competent state.

In a recent study of SNARE mediated vesicle fusion, full-length syt1 was shown to accelerate
fusion when it interacted in a trans fashion, with C2B bound to the target 18. Although it is not
presently clear how a bridging function would promote fusion, a number of models seem
plausible. As indicated above, bridging the vesicle and target membranes might alter the
configuration of the SNAREs; in addition, it might facilitate formation of the fusion pore, as
suggested previously 17. By bringing two opposing bilayers together, syt1 might help stabilize
the two bilayers, which must curve as a hemifusion intermediate is formed. Previous work
indicates that syt1 promotes positive bilayer curvature, and conceivably, this ability to bridge
bilayers might work together with a tendency to curve lipid bilayers to drive membrane fusion.

In summary, the data presented here indicate that the two C2 domains in syt 1 are flexibly
linked under a wide range of conditions. However, a highly populated configuration is one
where the Ca2+-binding regions face in roughly opposite directions. When bound to bilayers
in the presence of Ca2+, EPR-derived distance and bilayer depth restraints can only be satisfied
if C2A and C2B bridge across two bilayers. In general, C2 domain containing proteins appear
to be involved in a wide range of membrane trafficking and membrane repair processes. Many
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of these membrane proteins contain multiple C2 domains. In addition to the synatotagmins,
the tricalbins, copines, and ferlins 40; 41; 42 are membrane anchored proteins that possess up
to 6 or more C2 domains. The molecular function of these multiple domains has not yet been
determined, but the results presented here on syt1 suggest that the C2 domains on these related
proteins may also be flexibly linked. Since bilayers are highly dynamic structures, the inherent
conformational flexibility between the two linked C2 domains of syt1 may be critical for
recognizing and binding to opposing bilayer surfaces.

Materials and Methods
Mutagenesis, Protein Expression and Purification

DNA of rat syt1 (P21707), was obtained from Dr. Carl Creutz (Pharmacology Department,
University of Virginia) in the pGEX-KG vector encoding amino acid residues 96–421
(syt1C2AB) 43. All DNA modifications followed published protocols 44. The single native
cysteine residue at position 277 was mutated to alanine by typical polymerase chain reaction
(PCR) strategies. A QuickChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA)
was used to produce double-cysteine mutants of C2AB, and all cysteine substitutions were
confirmed by DNA sequencing.

The expression and purification syt1C2AB was carried out as described previously10.
Following affinity purification, steps were taken to remove residual GST and thrombin, and
an additional anion exchange step was added to remove nucleic acid contaminants associated
with the protein 12. Synaptotagmin 1 C2AB prepared in this manner, binds Tb3+ (a Ca2+

analog), membranes, and appears to be correctly folded as indicated by CD spectroscopy and
FTIR 10; 36. Directly following anion exchange chromatography, pure fractions of syt1C2AB
double mutants were spin-labeled as described previously using the sulfhydryl reactive spin
label MTSL, (1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl) methanethiosulfonate10. In a few
cases, the 4-Bromo-(1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl) methanethiosulfonate was
incorporated. All labels were obtained from Toronto Research Chemicals (North York, ON,
Canada)

Large Unilamellar Vesicles
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoserine (POPS) (Avanti Polar Lipids, Alabaster, AL) were used to prepare
large unilamellar vesicles (LUVs) with a POPC:POPS ratio of 3:1 as described previously 9.

Electron Paramagnetic Resonance (EPR) Measurements
Continuous wave X-band EPR measurements were performed on 8 µL of sample loaded into
glass capillaries with 0.60 mm i.d. × 0.84 mm o.d. (Fiber Optic Center, Inc., New Bedford,
MA). Spin-labeled samples of double labeled Syt1C2AB mutants contained protein
concentrations that varied from 100–185 µM in the presence (1mM Ca2+) or absence of calcium
(5mM EGTA). EPR spectra were obtained on a modified Varian E-line 102 series X-band
spectrometer with a loop gap resonator (Medical Advances, Milwaukee, WI). All spectra were
taken at 2 mW incident microwave power and 1 G modulation amplitude. Scan range was 100
Gauss. For comparison, all spectra were normalized within a plot.

Pulse-EPR measurements were performed on 25–30 µL of sample loaded into quartz capillaries
with 2.00 mm i.d. × 2.40 mm o.d. (Fiber Optic Center, Inc., New Bedford, MA). Spin-labeled
samples of double labeled Syt1C2AB mutants contained protein concentrations that varied
from 80–130 µM in the presence (1mM Ca2+) or absence of calcium (5mM EGTA), or in the
presence of 3:1 POPC:POPS LUVs (25mM) and 1mM Ca2+. Samples of syt1C2AB in solution
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contained 30% v/v glycerol, while samples of membrane-bound Syt1C2AB contained 5–
22.5% v/v glycerol.

DEER samples were flash frozen in liquid nitrogen and the data were recorded at 78K on a
Bruker Elexsys-E580 spectrometer fitted with an ER4118X-MS3 or -MS2 split ring resonator
(Bruker Biospin, Billerica, MA). Data were acquired using a four-pulse DEER sequence 45

with a 16 ns π/2 and two 32 ns π observe pulses separated by a 32 ns π pump pulse. The dipolar
evolution times were typically 2.2 µs, with several samples taken out to 4.0 µs. The pump
frequency was set to the center maximum of the nitroxide spectrum and the observer frequency
was set to the low field maximum, typically 65–70 MHz higher.

The phase-corrected dipolar evolution data were processed assuming a 3D background and
Fourier Transformed, and the distance distributions were obtained with Gaussian fits using
either the DeerAnalysis2006.1 package 46 or a LabView Program generously provided by Dr.
Christian Altenbach (UCLA).

General structure calculation methods
Structures were calculated by using an Xplor-NIH simulated annealing procedure similar to
that used previously for protein-protein docking 47; 48. The starting coordinates are from the
high-resolution NMR structures of C2A (residues 140–267) and C2B (residues 272–419) (PDB
ID: 1BYN and 1K5W, respectively 21; 22). At all stages the domains can rotate and translate
but the relative coordinates of these atoms are held fixed. The spin-labeled side chains were
subjected to molecular dynamics and energy minimization to a limited degree.

First, spin label side chains were appended at appropriate locations and the first two dihedral
angles from the backbone for R1, X1 and X2, were set to −60° 49. This is followed by simulated
annealing with no experimental restraints during which the backbone structure of each domain
and the first 5 atoms of each spin label side chain were fixed (to maintain X1, X2 = −60°), while
other side chain atoms were allowed to find reasonable conformations. This provided starting
structures for annealing with experimental restraints during which the entire spin label side
chain conformations were fixed in addition to the C2 domain backbones. The structures are
not very sensitive to the rotameric states chosen, however, if the R1 configurations are not set
prior to the application of the interdomain restraints, unrealistic orientations of the spin labeled
side-chains are generated. With this starting structure, the domain-domain restraints and
domain-plane restraints (see below) provide the necessary translational and orientational
information to orient the domains accurately, provided that no significant changes in the
backbone of the domains occur upon membrane-binding.

The coordinates of average structures were obtained by averaging the coordinates of twenty
individual lowest energy simulated annealing structures (out of one hundred generated
structures) best fitted to each other. Structures were visualized and analyzed and figures were
generated with the program PyMOL (DeLano Scientific LLC, Palo Alto, CA).

Modeling the Conformation of Syt1 C2AB
Thirteen inter-spin distances were used as input for an Xplor-NIH simulated annealing protocol
47; 48 to determine the relative conformation of Ca2+-bound C2AB in solution. Starting C2AB
structures for simulated annealing were obtained by appending the four missing residues of
the linker region (E268-E269-Q270-E271) to the high-resolution NMR structures of C2A
(residues 140–267) and C2B (residues 272–419) (PDB ID: 1BYN and 1K5W, respectively).
Positions 173, 189, 199, 213, 234, 244 of C2A and 283, 285, 304, 327, 332, 353, 367 of C2B
were mutated in silico to Cys and MTSL side chains were attached with the Xplor-NIH
addAtoms.py script. Simulated annealing was performed as described above. The uncertainty
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in the inter-spin distances was set using two thirds of the standard deviation (SD) of the distance
distribution for the result shown in Fig. 4. Widening or narrowing the distance distribution to
1 SD or SD/3 produced a greater or narrower range of structures with RMSDs of 9.68±4.86,
and 1.79±1.54 Angstroms, respectively.

Membrane Docking of the Syt1 C2 domains
The position of syt1 C2A and C2B relative to each other and to the bilayer plane was determined
similarly to the approach described above, except that twenty-one spin label depths (point-to-
plane distances) and twelve inter-spin membrane-bound distances were used as input for
standard Xplor-NIH restrained simulated annealing and energy minimization protocols 47;
48. Positions 171, 173, 174, 189, 199, 202, 213, 231, 234, 236, 239, 244 of C2A and 283, 285,
300, 304, 305, 306, 327, 332, 334, 353, 367, 368, 369, 370 of C2B were mutated in silico to
Cys and MTSL side chains were attached with the Xplor-NIH addAtoms.py script Eighteen
depth parameters (Φ), from EPR power saturation as described previously, and three previously
unpublished, were used to determine the distance (x) of the spin label from a bilayer plane
using an empirically derived equation, where A, B, C, and D have values of 3.4, 0.11, 8.56,
and 1.1, respectively 10. The python Xplor-NIH plane distance potential (planeDistPot) was
used to restrain the distances between the spin label nitrogen atoms and the phospholipid
phosphate plane. The uncertainty in the depths was set according to the distance range
determined from the empirically derived calibration curve. Similar approaches were used to
dock the C2 domains to one or two planes, the only difference being that when two planes were
used depth restraints were assigned to one of the two planes.

Abbreviations used
EPR, electron paramagnetic resonance spectroscopy; DEER, double electron-electron
resonance; POPC, palmitoyloleoylphosphatidylcholine; POPS,
palmitoyloleoylphosphatidyserine; R1 and R7, spin-labeled side chains produced by
derivatization of a cysteine with a methanethiosulfonate spin label; RMSD, root mean square
deviation; SD, standard deviation; SDSL, site-directed spin labeling; syt1, synaptotagmin 1;
syt1C2AB, soluble fragment of syt1 containing the C2A and C2B domains.
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Figure 1. Models for synaptotagmin 1
(a) Synaptotagmin 1 is a membrane protein containing two C2 domains, which is anchored to
the synaptic vesicle membrane by a single transmembrane helix. This model was built from
models for the isolated C2A(PDB:1BYN) and C2B(PDB:1K5W) domains, which were
connected with an unstructured linker using InsightII. (b) Crystal structure of the soluble
fragment of synaptotagmin 1 (PDB:2R83). The C2A and C2B domains are shown in yellow
and magenta.
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Figure 2. EPR spectra from syt1C2AB
(a) R1 and R7 spin-labeled side chains that are obtained by derivatization of cysteine mutants
of syt1C2AB. (b) X-band EPR spectra of thirteen R1 double labeled mutants of syt1C2AB
where one label is in C2A and a second is in C2B. The black traces are spectra recorded in the
presence of excess Ca2+ (1 mM) and the red traces are spectra recorded in the Ca2+-free state.
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Figure 3. Distance measurements from C2A to C2B
(a) The soluble fragment of synaptotagmin 1 (syt1C2AB) containing both the C2A and C2B
domains and encompassing resides 156 to 418. Thirteen sets of residue pairs were used for
double electron-electron resonance (DEER) distance measurements. (b) Subtracted DEER
signals obtained from the indicated labeled pairs in the presence of 1 mM Ca2+, and (c) the
corresponding Pake function obtained by deconvolution. The corresponding Pake functions
that best fit the DEER data are shown in the red traces. The 173R1/332R1 mutant pair is also
shown in the Ca2+-free condition.
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Figure 4. Solution structures of syt1C2AB with Ca2+ obtained by simulated annealing
(a) An alignment of the 10 lowest energy structures from the simulated annealing incorporating
the distance restraints in Table 1 with Xplor-NIH and allowing the region linking C2A and
C2B (residues 266 to 272) to be flexible 36. The RMSD for these aligned structures is
approximately 5.0 Angstroms. (b) Average of the 20 lowest energy structures shown end on
(C2A is in yellow, C2B in magenta). The β-sheet regions of both domains are not perfectly co-
linear but are tilted by about 70 degrees.
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Figure 5. Location of R1 labels on C2B, opposite the Ca2+-binding loops
a) Two spin labels V283R1 and T285R1 were engineered into a region where two highly
conserved arginine residues, R398 and R399 are proposed to interact with an opposing bilayer
surface 17. b) The EPR spectra for T285R1 and V283R1 in the absence (black trace) and
presence (red trace) of POPC:POPS bilayers with saturating levels of Ca2+. These spectra are
indicative of rapid anisotropic label motion, and T285R1 shows a noticeable change upon
membrane association that may be due to a decrease in the apparent hyperfine coupling.
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Figure 6. Structure for syt1C2AB obtained by docking syt1C2AB to two bilayer planes
a) Lowest energy structure obtained by simulated annealing using inter-domain depth restraints
and point-to-plane depth restraints. For each domain loops 1 and 3 are either buried into or
contact the membrane interface. The alignment of the two domains places the polybasic strand
of C2B away from the bilayer interface. b) Docking of syt1C2AB showing the position of C2A
and C2B on the vesicle and target membranes, respectively. The position of syt1 at the focal
site of fusion may be influenced by the distribution of highly charged lipids, such as PI(4,5)
P2, as well as by interactions of the polybasic face of C2B with the SNAREs. C2A is shown
in yellow, C2B in magenta.
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Table 1
Distances (in Angstroms) obtained by DEER between C2A and C2B.†

C2A/C2B mutant *Ca2+ EGTA *POPC:POPS

M173R1/V304R1 39±9 41±13 38±19
M173R1/K332R1 45±10 46±9 46±11
R199R1/V304R1 37±16 39±15 40±14
R199R1/K332R1 46±9 47±8 46±8
R199R1/I367R1 43±5 44±5 --
F234R1/V304R1 33±11 36±9 27±18
F234R1/K332R1 42±14 41±13 44±12
K189R1/K327R1 43±12 -- 43±11
K213R1/K327R1 50±7 -- 48±5
K213R1/V283R1 60±18 61±16
K213R1/T285R1 60±10 62±12
K213R1/Q353R1 54±13 56±15
K244R1/K327R1 41±11 -- 45±10

†
Distances represent Gaussian fits to the distance distributions determined using the program DEER analysis 46. The range given represents the standard

deviation to the Gaussian fit. For most of the distances, the uncertainty in the distance is estimated to be approximately 2 to 3 Angstroms, and the uncertainty
in the distribution is approximately 30%. The R199R1/I367R1 pair labeled poorly, and the distances measured from K213R1 are long. For these five
mutant pairs, there is approximately a 4 Å distance uncertainty and a 50% uncertainty in the distribution.

*
Data for the Ca2+-bound aqueous and the membrane-bound forms of syt1C2AB were used to determine a family of structures using simulated annealing.
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Table 2
Point-to-plane depth restraints used for membrane docking.

mutant Φ distance (Å) Range (Å)

L171R1 −1.9 −4.0 −43.0 < x < 0.0
M173R1 +0.8 +7.8 +6.9 < x < +8.6
G174R1 +0.5 +6.9 +6.7 < x < +7.2
†K189R1 −1.8 −3.0 −43.0 < x < −2.1
L202R1 −2.5 −22.0 −43.0 < x < −5.0
F231R1 −1.4 0.0 −4.0 < x < +2.4
F234R1 −0.1 +5.2 +4.9 < x < +5.5
K236R1 −0.3 +4.6 +3.9 < x < +5.2
I239R1 −1.5 −0.6 −3.0 < x < +1.1

†V283R1 −1.9 −4.0 −43.0 < x < −3.0
†T285R1 −1.4 0.0 −4.0 < x < +2.4
K300R1 −1.7 −2.1 −5.4 < x < 0
V304R1 −0.4 +4.3 +3.6 < x < +4.9
G305R1 +0.8 +7.8 +7.2 < x < +8.3
G306R1 +0.3 +6.4 +5.5 < x < +7.2
K327R1 −2.2 −10.6 −43.0 < x < −5.4
T334R1 −2.2 −10.6 −43.0 < x < −7.3
I367R1 −2.1 −7.3 −43.0 < x < −2.1
G368R1 +0.6 +7.2 +6.9 < x < +7.5
K369R1 −1.2 +1.1 0.0 < x < +2.0
N370R1 −2.3 −21.1 −43.0 < x < −5.4

Distances were determined from measured values of Φ as described elsewhere 9; 50. The distances represent the distance from the nitrogen atom on the
nitroxide R1 side chain to the plane that defines the average position of the lipid phosphates. Negative distance numbers correspond to labels on the
aqueous side of the phosphate plane, positive numbers represent labels that lie on the hydrocarbon side. Most of the point-to-plane distances given in this

table were reported previously and were determined using Ni(II)EDDA and oxygen collision parameter 10. Values for three sites were determined here
(†). The distance ranges are based upon the error in Φ and the form of the calibration curve (see Methods).
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