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Summary
The Ca2+-independent membrane interactions of the soluble C2 domains from synaptotagmin 1 (syt1)
were characterized using a combination of site-directed spin labeling (SDSL) and vesicle
sedimentation. The second C2 domain of syt1, C2B, binds to membranes containing
phosphatidylserine (PS) and phosphatidylcholine (PC) in a Ca2+-independent manner with a lipid
partition coefficient of approximately 3.0 × 102 M−1. A soluble fragment containing the first and
second C2 domains of syt1, C2A and C2B, has a similar affinity, but C2A alone has no detectable
affinity to PC/PS bilayers in the absence of Ca2+. Although the Ca2+-independent membrane affinity
of C2B is modest, it indicates that this domain will never be free in solution within the cell. SDSL
was used to obtain bilayer depth restraints, and a simulated annealing routine was used to generate
a model for the membrane docking of C2B in the absence of Ca2+. In this model, the polybasic strand
of C2B forms the membrane binding surface for the domain; however, this face of C2B does not
penetrate the bilayer, but is localized within the aqueous double-layer when C2B is bound. This
double-layer location indicates that C2B interacts in a purely electrostatic manner with the bilayer
interface. In the presence of Ca2+, the membrane affinity of C2B is increased approximately 20 fold,
and the domain rotates so that the Ca2+ binding loops of C2B insert into the bilayer. This Ca2+-
triggered conformational change may act as a switch to modulate the accessibility of the polybasic
face of C2B, and control interactions of syt1 with other components of the fusion machinery.
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Introduction
Neuronal exocytosis is a highly-regulated Ca2+-triggered process involving the membrane
fusion of synaptic vesicles with the presynaptic plasma membrane. This fusion process is
mediated and regulated by a large number of proteins, including the SNARE proteins, which
constitute the core of the conserved membrane fusion machinery 1; 2; 3. There is strong
evidence that the synaptic vesicle protein synaptotagmin 1 (syt1) acts as the Ca2+ sensor for
this process 4; 5; 6; 7. Synaptotagmin 1 consists of two tandem cytosolic C2 domains, C2A
and C2B, that are anchored to the synaptic vesicle by a single transmembrane helical pass (see
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Fig. 1). However, the mechanisms by which syt1 triggers membrane fusion are not understood.
It is not known whether syt1 acts by directly binding to and regulating the SNAREs 8, whether
it acts by binding membranes and creating curvature strain within the bilayer 9, or whether
individual 10 or tandem C2 domains act to bridge across the vesicle and the plasma membrane,
thereby driving these two membranes closer together 11.

Each C2 domain in syt1 is composed of an 8 stranded β-sandwich, where the flexible loops
that connect the β-strands at one end bind to Ca2+. When bound to Ca2+, the C2 domains of
syt1 penetrate into lipid bilayers that contain anionic phospholipids 12; 13; 14. Site-directed
spin labeling (SDSL) demonstrated that the Ca2+-binding loops in C2A and C2B in a soluble
construct of syt1 (syt1C2AB) penetrate approximately 10Å below the phosphate plane in 3:1
POPC:POPS membranes 15. This position is 6–7 Å deeper than that seen when the isolated
C2 domains are examined 16; 17, indicating that the tandem domains act synergistically to
enhance their mutual penetration. Synaptotagmin 1 also interacts with the SNAREs, and there
is evidence that syt1 binds simultaneously to phospholipids and the SNARE complex through
interactions of its C2 domains 18.

Long-range Coulombic interactions are a major driving force for the Ca2+-dependent
membrane binding of the syt1 C2 domains. When bound to Ca2+, the Ca2+-binding loops of
C2A attain a positive electrostatic potential, thereby becoming attracted to membrane surfaces
containing anionic phospholipids 19. Both C2A and C2B contain a region in their fourth β-
strand, which contains a number of positively charged lysine residues. This polybasic region
is more pronounced in C2B with eight, almost consecutive, highly conserved positive residues.
This region of C2B is implicated in binding membranes as well as the SNARE proteins syntaxin
and SNAP-25 18; 20.

The polybasic region of Synaptotagmin 1 C2B has been shown to interact with anionic
phospholipid membranes. It is reported to associate with membranes containing PIP2 in a
Ca2+-independent manner, and this interaction is proposed to pre-dock C2A-C2B to the plasma
membrane surface 21. There are indications that PIP2 may not be necessary to achieve Ca2+-
independent binding, and both Ca2+-dependent and Ca2+-independent binding to liposomes
are reported for syt1C2AB 9. However, both the Ca2+-dependent and Ca2+-independent
binding of syt1C2AB are strongly influenced by ionic strength, and in another study, the
Ca2+-independent phospholipid binding is not detected without PIP2 under conditions of
normal ionic strength 22. Fluorescence experiments indicate that polybasic region, residues
(K326, K327) in syt1C2AB insert into the interfacial environment of phospholipid head groups
in a Ca2+-dependent manner, leading to the proposal that the C2B domain may simultaneously
bind two membrane surfaces with this positively charged region and with the calcium binding
loops 10. However, measurements made using SDSL, do not provide an indication of
membrane penetration for the polybasic region of C2B when syt1 is bound in a Ca2+-dependent
manner 15; 17.

In this work, we determined the membrane binding affinities for syt1C2A, syt1C2B and
syt1C2AB in the absence of Ca2+ to lipid bilayers composed of 3:1 POPC:POPS using a well-
established equilibrium vesicle sedimentation assay. The syt1C2A domain alone does not
associate with bilayers containing acidic lipid in the absence of Ca2+, however, syt1C2B and
syt1C2AB bind with similar affinities. Site-directed spin labeling indicates that in the absence
of Ca2+, residues in the polybasic face of C2B reside in the aqueous double-layer at the bilayer
interface but do not penetrate into the bilayer interior, and a model for the membrane docking
of C2B was determined from EPR-derived membrane depth parameters using an established
simulated annealing protocol. Although the membrane affinities for syt1C2B and syt1C2AB
are weak in the absence of Ca2+, they indicate that the C2B domain will never be free in the
cytosol, but will always be either SNARE or membrane associated. Upon Ca2+ addition, the
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affinity of syt1C2B to the membrane interface increases by 20 fold and the domain rotates so
that it now interacts through its Ca2+-binding region 17. We discuss the possibility that this
Ca2+ triggered change in membrane docking may function as a conformational switch to
regulate the exposure of the polybasic face of C2B.

Results
Syt1C2AB and syt1C2B bind to POPC:POPS membranes in the absence of Ca2+

Figure 2 presents membrane binding data obtained by vesicle sedimentation for syt1C2A,
syt1C2B and syt1C2AB to POPC:POPS (75:25) bilayers. The partition coefficients are
summarized in Table 1 and represent equilibrium partitioning data obtained under conditions
where the syt1 C2 domains are dilute on the membrane surface. In the absence of Ca2+, the
data in Fig. 2a indicate that there is no membrane binding for syt1C2A, up to the highest lipid
concentrations tested (15 mM total lipid, 7.5 mM accessible lipid). In contrast to C2A, the C2B
domain binds to POPC:POPS bilayers in the absence of Ca2+ with a partition coefficient of
290 M−1 (Fig. 2b). This is a modest binding affinity and it indicates that approximately half of
the C2B will be membrane bound at an accessible lipid concentration of 3 mM POPC:POPS,.
The data for syt1C2AB are similar (Fig. 2c), and yield an affinity for the tandem C2 domain
fragment of approximately, 160 M−1 in the absence of Ca2+. Although these affinities are
modest, they indicate that the C2B domain of syt1 will never be found free in the cytosol within
the cell (see Discussion).

The membrane affinities of C2A and C2B are not additive in the presence of Ca2+

The partition coefficients obtained in the absence of Ca2+ may be compared those obtained in
the presence of Ca2+. Shown in Fig. 3 are the binding data obtained by sedimentation for
syt1C2A, syt1C2B and syt1C2AB bound to POPC:POPS bilayers in the presence of Ca2+. The
affinity of C2B is approximately 20 fold higher than that observed in the absence of Ca2+, and
C2A binds in the presence of Ca2+, with an affinity that is slightly lower than that of C2B (see
Table 1).

Remarkably, the binding affinity of the tandem fragment containing both C2 domains,
syt1C2AB, is intermediate between those of C2A and C2B alone (Fig. 3c), indicating that the
free energy of interaction for the two C2 domains to PC:PS bilayers is not additive. The reason
for this non-cooperativity is not clear, but it might be the result of a demixing of acidic lipids,
or the effects of the C2 domains on bilayer curvature strain (see Discussion).

EPR spectra are consistent with the C2A and C2B domain structures
The spin labeled side chain R1 (Fig. 1b) was incorporated one at a time into sites within both
C2A and C2B (Fig. 1a). Figure 4 shows X-band EPR spectra in the absence and presence of
POPC:POPS bilayers for R1 mutants in the Ca2+-free state from syt1C2AB and from the same
sites in either syt1C2A or syt1C2B. These EPR spectra reflect spin labels having a range of
motion. For example, the narrow lineshapes obtained from T329R1 are characteristic of a label
attached to a flexible loop and undergoing relatively fast (τ < 2 ns) isotropic motion. This
residue is located in a twisted portion of β-strand 4, which is solvent exposed. Some of the
more immobile spin labels include V197R1 and I330R1. At these sites, the spin-labeled side
chain may interact with a nearby tyrosine, as observed previously for specific sites in T4
lysozyme 23. Many of the spectra display EPR lineshapes that are typical of those seen in β-
sheets 24; and in general, similar lineshapes are seen whether the spin label is incorporated
into the tandem syt1C2AB or in the isolated syt1C2A or syt1C2B domains.

In the presence of POPC:POPS bilayers, most of the EPR spectra are unchanged (see Fig. 4);
however, at a few sites slight decreases in the normalized amplitudes are observed. For
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example, T329R1 undergoes a decrease in normalized amplitude, indicating that rate of motion
is slowed in the presence of bilayers. This site is near the second Ca2+-binding loop in C2B,
and this change may indicate membrane proximity or slight changes in the local structure or
dynamics of this strand in the presence of membranes. L186R1, which is located near a basic
region on C2A, also undergoes a decrease in motion, but only when this labeled site is examined
in the tandem syt1C2AB fragment. As discussed below (see Discussion), this region of C2A
may make contact with PC:PS bilayers in the absence of Ca2+, but only when tethered to C2B.

The polybasic region of C2B is membrane-associated in the absence of Ca2+

Continuous wave power saturation was performed on the EPR spectra from the eight spin-
labeled mutants in the C2B portion of C2AB in the presence of POPC:POPS bilayers to obtain
a membrane depth parameter, Φ (see Methods). Table 2 lists these parameters in the presence
or absence of Ca2+, along with depth parameters obtained for several sites on C2B studied as
an isolated domain. Phi values of −2.0 to −2.5 are associated with labels having aqueous
exposure and lying more than 5 Å on the aqueous side of the membrane interface 16. Values
greater than this, but still negative, indicate that the R1 side chains are localized in the interface
region of the bilayer. In the presence of Ca2+, all sites on C2B (either in syt1C2B or syt1C2AB)
display phi values in the aqueous range, indicating that this face of C2B does not approach
within 5Å of the phosphates on the bilayer surface. However, in the absence of Ca2+, the phi
values obtained from certain labeled sites (for example, K327R1, T329R1, and K332R1)
indicate that this surface of C2B approaches to the membrane interface. The labeled site
N370R1 is not in the polybasic region of C2B, but was also power saturated in order to provide
orientation information for the positioning of the domain.

The C2B domain is localized in the aqueous double layer but does not penetrate the bilayer
interior in the absence of Ca2+

The depth parameters shown in Table 2 were used to determine the membrane-associated
position of C2B for syt1C2AB. As described in Materials and Methods, the experimental Φ
values for labeled residues in the C2B polybasic region were used to estimate a distance from
the plane of the lipid phosphates using a calibration curve obtained previously (Eq. 3) 15. The
depth parameter for residue I330R1 was not used since it is believed that the side chain at this
site may be sterically restricted and might not provide an accurate depth measurement.

Models for the orientation and position of docked C2B (for the data obtained for syt1C2AB)
at the POPC:POPS interface were generated using XPLOR-NIH as described in Methods, using
the distances and distance ranges given in Table 3. For labels with values of Φ more negative
than −1.9 or −2.0, a significant error is associated with the distance estimate. In these cases,
the labels do not approach closer than 5Å to the level of the lipid phosphates, but might assume
a wide range of positions in the aqueous phase. As a result, they were allowed to assume a
wide distance distribution in the simulated annealing, but not allowed to penetrate the bilayer.
Shown in Fig. 5 are the 10 lowest energy models that resulted from simulated annealing. Figure
5b shows the lowest energy structure, which nearly represents an averaged structure. In these
models, the backbone of C2B at the polybasic region sits roughly parallel to the bilayer surface
and ranges from 5–12 Å away from the phospholipid phosphate plane. In the majority of these
structures, the charged protein side chains do not penetrate the lipid bilayer interface, but appear
to be positioned within the aqueous double layer. The localization of these charged side-chains
in the aqueous double-layer is consistent with EPR spectra and depth data form this region,
which show no evidence for membrane penetration of the polybasic face of C2B.

The variation in the orientation and position of the models generated by simulated annealing
provides an indication of the uncertainty in these models. The distance restraints used have
several sources of error, including the uncertainty in the depth parameter, the actual populations
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of rotameric states of the spin labeled side-chain, R1, and the assumption that the solution NMR
structure represents the membrane associated structure. Not every surface exposed site on C2B
was labeled, and it is conceivable that sites on C2B, which have not been identified, might
penetrate into bilayer in the Ca2+ free state. However, membrane penetration of the domain is
not consistent with the data obtained and the structures generated in Figure 5, and it was not
possible to align the domain to place other likely binding sites (hydrophobic side chains) into
the interface and maintain consistency with the data in Tables 2 and 3.

Discussion
In the work described here, we compare the Ca2+-dependent and Ca2+-independent binding
modes of syt1. The Ca2+-dependent binding of the C2 domains of syt1 has been extensively
studied, but the Ca2+-indepenent binding mode is not well-characterized. As shown using
vesicle sedimentation (Table 1), only the C2B domain or the C2AB fragment exhibited a
measurable Ca2+-independent binding. This membrane interaction is not strong, which may
account for the conflicting reports in the literature that C2B either does or does not bind to
PC:PS bilayers in the absence of Ca2+. Although weak, the affinity is sufficient so that 50%
of C2B will be bound when the accessible lipid concentration is on the order of a few mM.
Within the cell this affinity suggests that C2B will be associated with a membrane interface if
it is not bound to a protein target.

Synaptotagmin 1 is tethered to the vesicle membrane through a single helical membrane pass
within the cell, a constraint that will raise the effective lipid concentration experienced by the
C2B domain to a very high level. This effective concentration may be estimated using a simple
geometric model 25. If it is assumed that C2B is tethered 100Å away from the vesicle surface,
and can freely diffuse over a hemisphere around this tether point, C2B will experience an
effective lipid concentration in excess of 350 mM. This exceeds the membrane binding affinity
listed in Table 1 for the soluble fragment of C2B (or C2AB) in the absence of Ca2+ by two
orders of magnitude. It is not known how closely the membrane partition coefficients presented
in Table 1 resemble those within the cell. The PS content on the inner membrane plasma
membrane or the synaptic vesicle membrane is difficult to determine. Even when the lipid
content of a membrane is known (as it is for the synaptic vesicle 26), PS may be asymmetrically
distributed, and a conservative estimate for the PS concentration on the inner plasma membrane
lies in the range of 15 to 30 mol% 27. Nevertheless, even at the lower estimates for the PS
content, the effective lipid concentration is likely to greatly exceed the C2B affinity. Thus, in
the context of the cell, the membrane tethered C2B domain unlikely to diffuse in the cytoplasm
in the absence of Ca2+, but will be bound to the membrane interface if it is not associated with
protein targets, such as the SNAREs.

As shown in Figs. 5 and 6, different surfaces of C2B are involved in Ca2+-dependent and
Ca2+-independent binding. In the Ca2+-dependent binding mode, C2B penetrates the bilayer
interface, and hydrophobic side-chains within the 1st and 3rd Ca2+-binding loops penetrate the
interface 15; 17. However, in the Ca2+-independent binding mode, there is no penetration of
C2B into the bilayer interior, and the domain remains within the double layer displaced a few
Angstroms from the membrane phosphates. This purely electrostatic interaction has also been
observed for highly basic peptides that lack aromatic or hydrophobic residues. For example,
peptides based upon lysine which lack aromatic residues bind but do not penetrate the
membrane interface 28, and a peptide derived from the effector domain of the myristoylated
alanine-rich C-kinase substrate (MARCKS) protein binds but fails to penetrate bilayers when
its five phenylalanine residues are replaced with alanine 29. As discussed previously, the
localization of these peptides within the double layer, several Angstroms on the aqueous side
of the lipid headgroup phosphates, is a result of a repulsive dehydration force that is experienced
as charged residues approach the membrane interface 30. In the absence of a hydrophobic
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interaction, charged protein segments or domains will associate with the interface but will not
penetrate into the bilayer interior.

Previous work demonstrated that C2B bound to phospholipids bilayers containing PI(4,5)P2
in the absence of Ca2+21. The work presented here, indicates that PS alone is sufficient to
promote the Ca2+-independent binding of C2B. PI(4,5)P2 is a highly negatively charged lipid,
and the polybasic face of C2B also appears to mediate the interaction with this lipid. In general,
low levels of PI(4,5)P2 drive the electrostatic membrane binding of polybasic protein domains
with enhanced affinity compared to monovalent PS 31. The interaction of C2B with PI(4,5)
P2 may function to direct this domain to the target membrane in the absence of Ca2+ so that
syt1 assumes a trans-configuration where C2A and C2B bind opposite membrane surfaces
11; 21. The C2B domain may also act to sequester PI(4,5)P2 as seen for other polybasic
membrane binding proteins 32, and as observed for the juxta-membrane region of syntaxin
33.

The polybasic face of C2B plays an important role in fusion. The ability of syt1 to accelerate
SNARE mediated fusion appears to be mediated by the polybasic region of C2B, which
facilitates Ca2+-independent priming of synaptic vesicles at release sites 20; 34. Exactly how
C2B carries out these functions is not known. The polybasic face of C2B has been shown to
interact with an acidic C-terminal region of SNAP-25, and interact simultaneously with
membranes and SNAREs in the presence of Ca2+18. However, it is not clear whether the C2B
domain interacts with membrane surfaces or with membrane bound SNAREs in the absence
of calcium. The polybasic face of C2B clearly has the capacity to interact either SNAREs or
with membranes, and the orientation change depicted in Fig. 6 may act as a switch, so that the
polybasic face of C2B is protected from interaction with SNAREs until it associates with
Ca2+.

Previous work using fluorescence spectroscopy indicated that polybasic region of the C2B
domain, residues K326 and K327, associated with the membrane interface in the presence of
Ca2+. In this work, it was proposed that the C2B domain of syt1C2AB functioned to
simultaneously bind two membranes through both its Ca2+-binding loops and its polybasic
face. Such an association with two membranes might assist fusion by driving the vesicle and
target membranes closer together, and might act to stabilize highly curved membrane structures
that occurred during an intermediate stage of fusion 10. Under the conditions of the EPR
experiments carried out here, we do not see evidence for a Ca2+-dependent membrane
association of the polybasic face (Table 2), and only the calcium binding loops appear to
associate 17. Conceivably, the different findings may be due to different experimental
conditions, or the fact that the EPR measurements are only sensitive to labels that come within
5Å of the lipid phosphates. It has recently been proposed that R398 and R399 may bind
membranes and allow C2B to bridge across two lipid surfaces 35. Although we have not tested
these sites directly, these sites do appear to be localized close to the membrane surface in the
absence of Ca2+ (see Fig. 5b). Ca2+ binding will increase the exposure of this region, and might
act to facilitate interactions with opposing bilayer surfaces.

In the absence of Ca2+, we were not able to detect membrane binding by C2A in a vesicle
sedimentation assay, indicating that the partition coefficient must be less than 25 M−1. We also
were unable to detect binding of C2A to PC:PS bilayers using fluorescence correlation
spectroscopy (data not shown). However, C2A may interact with membrane surfaces composed
of PC:PS when tethered to C2B. As shown in Fig. 4b, L186R1 on C2AB exhibits a change in
lineshape in the presence of lipid, and the depth parameter, Φ, at this site increased by 0.5
compared to that in the absence of bilayers, indicating that this site approaches within a few
Angstroms of the interface. Why would C2A associate with bilayers when tethered to C2B,
but not associate as a separate domain? As indicated above, when a domain is tethered to the
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bilayer surface, the effective local concentration of lipid is raised dramatically. We estimate
that when C2B is bound to the bilayer surface, C2A may experience a local lipid concentration
in excess of 0.8M.

In the presence of Ca2+, the binding data obtained here with vesicle sedimentation indicate that
the membrane affinity for the tandem syt1C2AB domain is similar to the affinity of either
syt1C2A or syt1C2B alone. This is an unexpected result. Both domains are able to
simultaneously bind membranes 15; 36 and the linker connecting C2A and C2B is flexible
37, indicating that the interaction of the two domains with a common surface should not be
restricted. In this case, the free energy of membrane binding for the tandem fragment should
greatly exceed that of either isolated domain. Using a simple ball-and-string model described
previously 25 and assuming a 4 nm separation between C2A and C2B, the affinity of the tandem
domain should be at least a 1000 fold greater than that of either domain alone. Several
phenomena could explain the weaker than expected affinity of syt1C2AB. For example, C2
domains may promote the demixing of acidic lipids 38 and the enhanced demixing of lipids
by the tandem syt1C2AB might explain this result. The C2 domains of synaptotagmin 1 may
alter membrane curvature strain, and this strain may be generated at the expense of binding
free energy for syt1C2AB. Currently, we are testing several ideas that might explain the non-
cooperative binding behavior for the syt1C2AB membrane interaction.

In summary, we investigated the membrane binding of the C2 domains of synaptotagmin 1 in
the absence of Ca2+. The C2AB and C2B domains bind weakly in the absence of Ca2+, and
C2A alone fails to bind membranes. It is important to consider the affinities of the individual
domains in the context of the intact protein, and in the case of C2B the fact that this protein is
tethered to the vesicle bilayer dramatically raises the effective lipid concentration presented to
the domain. As a result, within the presynaptic cell, the C2B domain will never reside free in
the cytosol, but will either be associated with membranes or with SNAREs. A novel approach
using depth restraints derived from site-directed spin labeling and simulated annealing was
used to generate a model for C2B that is bound to membranes in a Ca2+-independent manner.
This model indicates that C2B associates electrostatically with bilayers through its polybasic
face. When the domain binds Ca2+, the orientation of C2B on the membrane surface changes
to expose the polybasic face. This change in orientation may act as a switch to trigger
interactions between synaptotagmin 1 and the SNARE complex.

Materials and Methods
DNA Modification

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 96–265
(syt1C2A), 249–421 (syt1C2B), and 96–421 (syt1C2AB) 39. All DNA modifications followed
published protocols 40. The single native cysteine residue at position 277 was mutated to
alanine by typical polymerase chain reaction (PCR) strategies. Either two-step PCR or a
QuickChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA), were used to produce
single-cysteine mutants of C2A, C2B, or C2AB. Individual cysteine residues were introduced
at positions in the isolated or tandem C2A domain: 186, 189, 197, 256 and in the isolated or
tandem C2B domain: 269, 323, 325, 326, 327, 329, 330, 332, 370, 415. All cysteine
substitutions were confirmed by DNA sequencing.

Protein Expression and Purification
For the synaptotagmin 1 C2A, C2B, and C2AB cysteine mutants, protein expression and
purification were carried out as described previously 15; 16; 17. For C2B, the procedure was
modified slightly so that the affinity-purified and benzonase-treated protein was exchanged
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into a buffer of 100mM NaCl, 50mM MOPS, 5mM EDTA, pH6.5. The protein was then loaded
onto two 5ml HiTrap SP HP prepacked columns (Amersham Bioscience), and eluted with a
gradient running from 100 mM to 700 mM NaCl over 10 column volumes. The UV spectrum
of the purified protein had a maximum absorption at 278 nm indicating that it was free of
nucleic acid contamination.

Spin Labeling syt1 C2 Domains
The protein was spin-labeled as described previously 17 using the sulfhydryl reactive spin
label, (1-oxyl-2,2,5,5-tetramethyl-Δ3-pyrroline-3-methyl) methanethiosulfonate (MTSL;
Toronto Research Chemicals, North York, ON, Canada) at a 1:3:30 mole ratio of
protein:DTT:MTSL. Excess free spin-label was removed by passing the sample through a
HiPrep 26/10 desalting column (Amersham Biosciences). The spin-labeled protein was
concentrated to 20–300 μM using Centripreps, Centricons, and Microcons (Millipore).

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
16. For Ca2+-free experiments, the LUVs were prepared in buffer that lacked CaCl2. Sucrose-
loaded large unilamellar vesicles (LUVs) were prepared as described previously 41. Briefly,
appropriate aliquots of lipids (75% POPC:25% POPS) were mixed, dried under a stream of
nitrogen and vacuum desiccated overnight. The resulting film was rehydrated in sucrose buffer
(176mM sucrose, 1mM MOPS, pH=7.0), vortexed thoroughly, cycled through 5 freeze-thaw
cycles, and extruded through 0.1 μm polycarbonate filters using a hand-held Mini-Extruder
(Avanti Polar Lipids, Alabaster, AL). To remove the external sucrose, the LUVs were diluted
into 5 volumes of buffer without sucrose (100mM KCl, 1mM MOPS, pH 7.0), centrifuged for
an hour at 100,000 × g, 25 °C and resuspended with fresh buffer. For syt1 in its Ca2+-bound
state, the buffer contained 1 mM CaCl2.

Sedimentation assay to determine Vesicle Binding
A vesicle sedimentation binding assay described previously 41 was used to determine the
membrane affinity of each domain of synaptotagmin 1 individually and when present in the
tandem fragment. Briefly, protein was added to final concentrations of 5–10 μM with sucrose-
loaded LUVs at lipid concentrations ranging from 0.05 mM to 15 mM, and centrifuged at
100,000 × g for 1 hour to pellet the LUVs. The lipid concentrations were confirmed by
phosphate analysis 42. Each domain studied contained a single cysteine residue (sytC2A,
T256C; syt1C2B, A415C; syt1C2AB, E269C), which enabled cysteine and protein levels to
be detected in the supernatant spectrophotometrically by the addition of 200μM of 4, 4′
dithiodipyridine 43; 44. Equivalent binding affinities were obtained by detecting the tryptophan
fluorescence from these domains. In a few experiments, the binding affinity was determined
at protein concentrations of 1 μM. Similar affinities were obtained in these cases indicating
that the protein was sufficiently dilute on the membrane surface. For each lipid concentration,
at least three measurements of the fraction of bound protein, fb, were made and used to
determine a molar partition coefficient, K, which is defined as:

[1]

Here, [P] is the concentration of protein in the bulk aqueous phase, [P]m is the molar
concentration of protein bound to the membrane and [L] is the molar concentration of accessible
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lipid (typically one half of the total lipid concentration) 41. If the protein concentrations are
sufficiently dilute ([lipid] ≫ [protein]), the fraction of protein bound fb, will be given by:

[2]

The data were fit to Eq. 2 using OriginPro 7.5 to yield a value of K, which has units of M−1.

EPR Spectroscopy
EPR spectra were recorded at room temperature using a Varian E-line Century series
spectrometer fitted with a microwave preamplifier and an X-band loop-gap resonator (Medical
Advances, Milwaukee, WI). Aqueous syt1 protein concentrations ranged from 20–300 μM.
For Ca2+-free conditions, 5 mM EGTA was present in the protein sample. Membrane-
associated or membrane-bound protein spectra were obtained under these same conditions but
with the addition of LUVs (25 mM total lipid) to ensure complete membrane binding and low
surface densities of either syt1C2B or syt1C2AB. Continuous-wave power saturation
experiments were performed on the syt1 mutants using a Bruker EMX spectrometer as
described elsewhere 45 and used to calculate a depth parameter, F, based upon the saturation
behavior in samples containing oxygen and Ni(II)EDDA 46. Ni(II)EDDA was used at a
concentration of 10 mM, but the ΔP1/2 values were scaled to an effective concentration of 20
mM as described previously 45.

Membrane Docking of the sytI C2B domain
The distance (x) of the spin label from a plane defined by the lipid phosphates was determined
from the depth parameters (Φ) using the following expression:

[3]

This is an empirically derived expression where A and D set the bulk values of Φ in water and
hydrocarbon, C defines the position of the reflection point of the curve, and B determines the
slope of the curve 16; 45. Point-to-plane distances were determined by using the calibration
curve obtained previously, where A, B, C, and D have values of 3.4, 0.11, 8.56, and 1.1,
respectively 15.

Spin label depths (x in Eqn. 3) were used as input for standard XPLOR-NIH restrained
simulated annealing and energy minimization protocols 47; 48 to determine the position of
C2B relative to the phospholipid bilayer. Starting structures for simulated annealing were
obtained by mutating in silico positions 323, 325, 326, 327, 329, 332, and 370 of the high-
resolution structure of C2B (residues 272–419) (PDB ID: 1K5W) to Cys and attaching MTSL
groups. The MTSL groups were then allowed to undergo molecular dynamics and energy
minimization in order to generate likely MTSL conformations. The relative coordinates of the
R1 side chains were then fixed and the C2B domain was then oriented relative to the plane by
using restrained simulated annealing and energy minimization. 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 these distances were
set according to the distance range derived from the empirically determined calibration curve
(Eq. 3).

The forcefield for R1 used in the simulated annealing routinely produces rotameric forms of
R1 that are more extended and not as defined that those observed by crystallography 49.
Although we did not take this approach in the present case, the variation in the structures
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obtained might be narrowed by setting side chain rotamers to the most favorable conformations
based upon crystallography.
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Abbreviations used
EPR  

electron paramagnetic resonance spectroscopy

LUV  
large unilamellar vesicle

MOPS  
3-(N-morpholino) propanesulfonic acid

MTSL  
(1-oxy-2,2,5,6-tetramethylpyrroline-3-methyl) methanethiosulfonate

PI(4  
5)P2, phosphatidylinositol 4–5 bisphosphate

POPC  
palmitoyloleoylphosphatidycholine

POPS  
palmitoyloleoylphosphatidylserine

R1  
spin-labeled side chain produced by derivatization of a cysteine with MTSL

SDSL  
site-directed spin labeling

SNARE  
soluble N-ethylmaleimide–sensitive factor attachment receptor

syt1  
synaptotagmin 1

syt1C2AB  
soluble fragment of syaptotagmin 1 containing the C2A and C2B domains

syt1C2A  
C2A domain of synaptotagmin 1

syt1C2B  
C2B domains of synaptotagmin 1
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Figure 1.
a) Model of the water-soluble fragment of synaptotagmin 1, syt1C2AB, showing the labeled
sites and labeling scheme. The first domain, C2A includes residues 140–263; the second, C2B,
includes 273–418. b) The spin labeled side chain, R1, was incorporated into 11 positions within
syt1C2AB (Ca positions in yellow), and into the corresponding positions in syt1C2A and
syt1C2B, using the sulfhydryl reactive methanethiosulfonate spin label (see Methods). The
C2AB model shown was built from models for the isolated C2A(PDB:1BYN) and C2B(PDB:
1K5W) domains, that were connected with a linker using InsightII.
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Figure 2.
Ca2+-independent binding of a) syt1C2A, b) syt1C2B and c) syt1C2AB fragments of
synaptotagmin 1 to membranes composed of POPC:POPS (3:1), using a vesicle sedimentation
assay (see Methods). The lines are fits to Eq. 2 and the values of K are given in Table 1. No
binding of syt1C2A to POPC:POPS is detected in the absence of Ca2+.
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Figure 3.
Ca2+-dependent binding of a) syt1C2A, b) syt1C2B and c) syt1C2AB fragments of
synaptotagmin 1 to membranes composed of POPC:POPS (3:1), using a vesicle sedimentation
assay (see Methods). The lines are fits to Eq. 2 and the values of K are given in Table 1.
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Figure 4.
X-band EPR spectra obtained from single R1 substitutions in the absence of Ca2+ for labeled
sites in a) syt1C2A and syt1C2B, and in b) syt1C2AB. Aqueous spectra are shown in black,
spectra of R1 mutants in the presence of POPC:POPS lipid vesicles are shown in red. For
syt1C2B and syt1C2AB, the protein is completely bound or membrane-associated at the
concentrations of lipid used (25 mM). For syt1C2A (sites 186 and 189), sedimentation data
(Figure 2) indicate the domain does not bind to POPC:POPS. Spectra are normalized against
the total spin number so that the amplitudes provide an approximate measure of the motional
averaging of the R1 side-chain. The spectra are all 100 Gauss scans.
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Figure 5.
a) The result of simulated annealing showing models for the 10 lowest energy structures for
the Ca2+-independent docking of synaptotagmin C2B domain at the membrane interface. The
position was generated for C2B using the distance data obtained for syt1C2AB at the
POPC:POPS interface (Table 3) and the Xplor-NIH docking routine (see Methods). The
membrane associated structure was produced using the PDB structure file for C2B, PDB ID:
1K5W. The highly positively charged (polybasic) region of C2B is shown in blue. The protein
is shown docked to a POPC bilayer obtained by a molecular dynamics simulation. b) One
structure for C2B docked to the membrane interface is shown for clarity. The positively charged
clusters that appear to interact electrostatically with the interface are highlighted in blue, and
include the polybasic face and the two arginine residues at positions 398 and 399. The protein
orientation is rotated 180° on the bilayer surface relative to the orientation shown in A).
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Figure 6.
Models for Ca2+-dependent and Ca2+-independent modes of membrane binding of syt1C2B.
In the absence of Ca2+, the bilayer “protects” C2B from interactions with other components
of the fusion machinery. The binding of Ca2+ to the domain alters the surface of C2B that
interacts with the bilayer interface, and promotes the insertion of the Ca2+ binding loops into
the bilayer. The Ca2+ bound orientation allows the polybasic face and other positively charged
segments of C2B to interact with the SNAREs or with other bilayer surfaces.
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Table 1
Molar Partition Coefficients, K, for the Ca2+-dependent and Ca2+-independent membrane affinity of the syt1 C2
domains.†

POPC:POPS (3:1) Syt1C2A Syt1C2B Syt1C2AB

[Ca2+]=1 mM 1.1 (± 0.1) × 103 6.9 (± 0.1) × 103 5.3 (± 1.0) × 103

No Ca2+ Not detected 2.9 (± 0.3) × 102 1.2 (± 0.1) × 102

†
Values of K are give in units of M−1. The errors represent the uncertainty obtained from the non-linear regression procedure used in the fitting the data

to K. Samples in the Ca2+-free state contained 2 to 5 mM EGTA. The reciprocal of K corresponds to the accessible molar lipid concentration at which
50% of the protein is membrane bound.
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Table 3
Distances from the R1 side chain to lipid phospholipid phosphates.†

mutant ϕ distance (Å) Range (Å)

L323R1 −2.0 −5.4 −4.0 < x < −7.3

K325R1 −2.1 −7.3 −4.0 < x < −21.1

K326R1 −1.9 −4.0 −1.3 < x < −10.6

K327R1 −1.7 −2.1 −0.6 < x < −4.0

T329R1 −1.4 0.0 +2.0 < x < −3.0

K332R1 −1.7 −2.1 −1.3 < x < −3.0

N370R1 −2.0 −5.4 −3.0 < x < −10.6

†
Depth parameters and distances for the Ca2+-free C2B(C2A) R1 side chains to a plane defined by the lipid phosphates, see Materials and Methods.

Negative distances indicate labels that lie on the aqueous side of the membrane-solution interface. The distance range represents the uncertainty in the
position of the spin labeled side chain (x) based upon the uncertainty in the experimental measurement of Φ.
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