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ABSTRACT: Synaptotagmin I is a synaptic vesicle associated membrane protein that appears to regulate
Ca2+-mediated exocytosis. Here, the Ca2+-dependent membrane interactions of a water soluble fragment
of synaptotagmin I (C2AB) that contains its two C2 domains (C2A and C2B) were determined using
site-directed spin labeling. Membrane depth parameters were obtained for 19 spin-labeled mutants of
C2AB when bound to phosphatidylcholine and phosphatidylserine membranes, and these distance
constraints were used in combination with the high-resolution structures of C2A and C2B to generate a
model for the membrane orientation and position of synaptotagmin at the bilayer interface. Both C2A
and C2B bind to the membrane interface with their first and third Ca2+ binding loops penetrating the
membrane interface. The polybasic face of C2B does not interact with the membrane lipid but is available
for electrostatic interaction with other components of the fusion machinery. When compared to positions
determined previously for the isolated domains, both C2A and C2B have similar orientations; however,
the two domains are positioned deeper into the bilayer interior when present in the tandem construct.
These data indicate that C2A and C2B do not act independently but influence their mutual membrane
penetration. This may explain the occurrence of multiple C2 domains in proteins that function in membrane
trafficking and repair.

Regulated exocytosis is a vital cellular process that is
coordinated by a large number of protein components. The
SNAREs are central to the fusion process and form a four
helix bundle that tethers the synaptic and plasma membranes
together (1-3). In neuronal membrane fusion, Ca2+-depend-
ent fusion is not regulated directly by the SNAREs but
appears to be regulated by syntaptotagmin I (sytI1), a synaptic
vesicle membrane protein that has two C2 domains (4).
Synaptotagmin I is associated with the synaptic vesicle
through a single transmembrane segment near itsN-terminus
as well as through protein acylation (5) (Figure 1). Its two
C2 domains are located toward theC-terminal side of the
protein, and each domain when expressed and isolated
separately will bind independently to membranes containing
a negatively charged lipid in a Ca2+-dependent fashion.
Synaptotagmin I has also been reported to bind to SNAREs

through its C2 domains, although reports vary regarding the
Ca2+-dependence of this interaction (6, 7).

There are a number of proteins that have multiple C2
domains that have been implicated in membrane trafficking
and repair. The copines are a family of ubiquitous proteins
containing two C2 domains involved in Ca2+-dependent
membrane binding (8). Tricalbins are a recently discovered
family of proteins derived from yeast, which appear to have
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FIGURE 1: Synaptotagmin I and its two tandem C2 domains. This
protein is anchored to the synaptic vesicle membrane by a single
transmembrane helical segment near itsN-terminus. The C2A
domain includes residues 156-244, whereas residues 286-418
encompass the C2B domain. In this study, 19 single cysteine
mutants of a water soluble fragment of synaptotagmin I (136-
418) (96-421 expressed) were produced (CR positions shown in
blue), expressed, and derivatized with a methanethiosulfonate spin
label to attach the side chain R1.
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anN-terminal transmembrane segment and three C2 domains
(9). These proteins are thought to be homologues of
synaptotagmin that are involved in membrane trafficking.
As many as six C2 domains are seen in the ferlins, a family
of proteins that play a role in membrane repair (10-12).

At the present time, the role of multiple C2 domains is
not known. In sytI, multiple domains may function to
enhance membrane binding, or they might display different
lipid specificities. There is evidence for both functions. For
example, the first C2 domain, C2A, is reported to show
preferential binding in a Ca2+-dependent manner to phos-
phatidylserine (PS)-containing membranes. The second, more
C-terminal C2 domain, C2B, also binds PS-containing
membranes but shows strong affinity toward membranes
containing phosphatidylinositol 4-5 bisphosphate (PI(4,5)-
P2) (13). There are a number of reports indicating that the
two domains act synergistically. Neither C2A nor C2B
displays strong Ca2+-dependent binding to isolated chroma-
ffin granules when expressed as isolated domains, but they
bind strongly to these membranes when expressed together
in an intact water-soluble fragment of sytI (14). There is also
evidence that the domains, particularly C2B, bind differently
in the presence of the other domain and that mutations within
a construct containing the two domains are not additive (6,
15, 16).

In the present work, we examine the position of a fragment
of sytI that contains both C2A and C2B (sytIC2AB) at the
interface of membranes containing the acidic lipid phos-
phatidylserine (PS). We use an approach termed site-directed
spin labeling (SDSL) that involves the use of EPR spectros-
copy to study mutants of sytIC2AB that contain the nitroxide
side chain, R1 (Figure 1). In previous work, we used this
approach to determine the membrane position and orientation
of C2A and C2B from sytI when expressed as individual
domains (17, 18). In the present study, we express, purify,
and make measurements on 19 mutants of sytIC2AB. The
distance constrains that are obtained are used to generate a
model for the domains at the interface. We find that the
orientations of C2A and C2B in sytIC2AB are similar to
that found in the two isolated domains, with both the first
and third Ca2+ binding loops penetrating the membrane
interface. However, both C2A and C2B appear to penetrate
more deeply into the membrane when they are present
together than when they are isolated domains. This work
indicates that the two domains act synergistically to promote
their mutual membrane insertion. Both the membrane
orientation of these domains and their penetration suggest a
molecular role for sytI in membrane fusion.

MATERIALS AND METHODS

DNA Modification.The DNA of rat sytIC2AB (P21707),
in the vector pGEX-KG (14), encoding amino acid residues
96-421 was obtained from Dr. Carl Creutz (Pharmacology
Department, University of Virginia). All DNA modifications
followed published protocols (19). The single native cysteine
residue at position 277 was mutated to alanine by typical
polymerase chain reaction (PCR) strategies. Either a two-
step PCR process or a QuickChange Site-Directed Mutagen-
esis Kit (Stratagene) was used to produce single-cysteine
mutants of C2AB. Individual cysteine residues were intro-
duced at the following positions in the C2A domain of

C2AB: 171, 173, 174, 202, 231, 234, 236, and 239 and in
the C2B domain of C2AB: 297, 300, 304, 305, 306, 327,
334, 367, 368, 369, and 370. All cysteine substitutions were
confirmed by DNA sequencing.

Protein Expression and Purification.The synaptotagmin
I C2AB construct was encoded in frame with glutathione
S-transferase (GST). The mutant plasmids for GST-C2AB
were transformed into BL21(DE3)pLysS cells (Promega),
and cell growth and protein purification were carried out as
described previously (18). The GST-C2AB fusion protein
was purified by affinity chromatography as described for
C2B (18). Two additional GSTrap FF columns (Amersham
Biosciences) were added in series prior to elution to scavenge
the residual GST protein. In addition, thrombin was removed
from the solution by adding in series a benzamidine column
Amersham Biosciences). Protein purity and identity were
confirmed by SDS-PAGE (Bio-Rad, Hercules, CA). The
molecular mass for sytI C2AB is approximately 38 kDa,
consisting of synaptotagmin residues 96-421 and 13 ad-
ditional residues from the pGEX vector on theN-terminus.
Following affinity purification, an additional purification step
on an anion exchange column was performed as described
previously (18). Pure fractions of C2AB, as indicated by an
absorption maximum at 278 nm, were then buffer exchanged
into 0.5 mM ammonium bicarbonate, vacuum desiccated,
and stored at-20 °C. Protein concentration was determined
by Bradford assay prior to its desiccation and was also
measured gravimetrically. Protein purity and identity were
confirmed by SDS-PAGE.

Spin Labeling sytI C2AB.The protein was spin-labeled
as previously described using the sulfhydryl reactive spin
label, (1-oxyl-2,2,5,5-tetramethyl-∆3-pyrroline-3-methyl) meth-
anethiosulfonate (MTSL; Toronto Research Chemicals) (18)
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 and Centricons (Millipore).

Large Unilamellar Vesicles.1-Palmitoyl-2-oleoyl-sn-glyc-
ero-3-phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoserine (POPS) (Avanti Polar Lipids) were
used to prepare large unilamellar vesicles (LUVs) with a
POPC/POPS ratio of 3:1 as described previously (17).

Measurement of C2AB Metal Ion Affinities.Cation affini-
ties of the spin-labeled C2AB mutants were measured with
a terbium(III) fluorescence binding assay (20) as described
previously (18). The change in tryptophan emission intensity
due to energy transfer to Tb3+, ∆F, was determined as a
function of Tb3+ concentration and normalized to yield the
fraction of metal ion sites bound,fb, and a cation dissociation
constant,Kd.

EPR Spectroscopy.EPR spectra were obtained and pro-
cessed as before (18) from aqueous C2AB samples at protein
concentrations ranging from 20 to 300µM. 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
the protein. Continuous-wave power saturation experiments
were performed on each membrane-bound sytIC2AB mutant
as described elsewhere (21) and used to calculate the depth
parameter,Φ (22).
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Modeling the Orientation and Position of the sytI C2A-
(C2B) and C2B(C2A) Domains.Models for the orientation
and position of the synaptotagmin I C2A and C2B were
generated from the EPR depth parameters using an approach
described in detail elsewhere (17, 21). Briefly, the high-
resolution solution structure of each domain, known depth
calibration points, and an empirical form for the depth
parameterΦ were fit to create the models of protein
orientation and depth. As shown previously,Φ has a
dependence upon depth that can be described by

wherex represents the distance of the label from the lipid
phosphates. The values ofA andD set the bulk values ofΦ
in water and hydrocarbon,C determines the position of the
reflection point of the curve, andB determines the slope of
the curve (17, 21). To generate coordinates for modeling,
the R1 side chain was appended to averaged high-resolution
NMR structures of either C2A (pdb: 1BYN) or C2B (pdb:
1K5W) and placed in configurations, where the first, second,
and third dihedral angles were in a g+, g+, g( conformation
(23). Because of steric constraints, exceptions to this con-
figuration were residues 202 (g+, t, g+) and 239 (g+, t, g-)
for C2A(C2B) and 327 and 370 (g+, t, g+) for C2B(C2A).
A set of coordinates for the nitrogen atom on the R1 side
chain was generated and used for modeling.

RESULTS

C2AB Binds Strongly to the Metal Ion and Membranes.
A Tb3+ fluorescence binding assay was used to determine
the metal ion binding affinity as well as the membrane
affinity of the C2AB fragment that was expressed and
isolated here. Shown in Figure 2 are the metal binding curves
obtained for C2AB in solution and in the presence of lipid
vesicles composed of POPC and POPS, respectively. From
the data in Figure 2a, the Tb3+ ion affinity to C2AB in
solution is approximately 4µM, and it increases to an affinity
of 0.5µM for the wild-type protein in the presence of POPC/
POPS (75:25). The increase in affinity in the presence of
membranes is due to membrane association of the C2AB
fragment, and it may be used as a comparative measure of
membrane affinity to test the function of the R1 mutants of
C2AB (18, 20) (Figure 2b). At subsaturating concentrations
of Tb3+, the titration of C2AB with POPC/POPS membranes
yields a membrane-binding curve (Figure 2c) and a lipid
affinity of 4.6 µM. This affinity is obtained in just 2 mol %
POPS, and indicates strong binding to POPS containing
bilayers.

Previously, a wide range of substitutions of the R1 side
chain on the surface of C2A and C2B were tested for their
metal- and membrane-binding affinity (17, 18). In all cases,
the C2A or C2B domains containing single R1 substitutions
bound to metal ions and membranes, and these substitutions
produced minimal perturbations on membrane affinity. A
number of single R1 substitutions of C2AB were tested here
for their ability to bind Tb3+ in the presence of membranes.
A list of Tb3+ affinities for several C2AB R1 mutants as
well as the values for the wild-type protein is shown in Table
1 . In each case, the R1 mutants that were produced bind
with affinities comparable to those of the wild-type protein
and indicate that these substitutions do not significantly alter
C2AB membrane binding.

First and Third Ca2+-Binding Loops of Each Domain
Penetrate POPC/POPS Bilayers.Figure 3 shows the X-band
EPR spectra for R1 mutants of C2AB in the presence of
Ca2+ in solution and in the presence of POPC/POPS bilayers.
Most of these spectra arise from nitroxides that are executing
relatively fast (ns) isotropic motion, characteristic of nitrox-
ides that are not sterically constrained and attached to flexible
backbone segments. This is expected because most of these
labels are placed within or near the three Ca2+-binding loops
of C2A or C2B (Figure 1). When added to POPC/POPS
bilayers, the EPR spectra for labels at a number of positions

Φ ) A tanh[B(x - C)] + D (1)

FIGURE 2: Tb3+ ion and membrane binding by the quenching of
intrinsic tryptophan fluorescence. The plot of fraction bound vs
free metal ion binding sites where the data are corrected for bound
cations. (a) Binding of Tb3+ to wild-type C2AB in aqueous solution,
where the fit (solid line) yields aKd ) 4.3 ( 0.3 µM. (b) Binding
of Tb3+ to the K327R1 mutant of C2AB in the presence of 50 uM
of POPC/POPS (75:25) LUV, where the fit (solid line) yields aKd
of 0.16(0.006µM. (c) The plot of fraction bound vs total lipid
concentration. The lipid was added as POPC/POPS (98:2) LUV in
5 µM Tb3+. When corrected for free lipid concentration, the fit to
the data (solid line) yields a binding affinity of 4.6( 0.3 µM. A
much lower concentration of POPS was used in this binding
measurement because of the very high membrane affinity of
sytIC2AB to membranes containing POPS. The protein concentra-
tion was 670 nM in (a) and 330 nM for (b) and (c). The data were
fit by an independent site-binding isotherm with a Hill coefficient
of n ) 1.
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show significant broadening and a decrease in their normal-
ized amplitudes. The most dramatic changes are associated
with labels at positions within the first (M173R1, G174R1)
and third (K236R1) Ca2+-binding loops of C2A and the first
(V304R1, G305R1, and G306R1) and third (I367R1, G368R1,
and K369R1) Ca2+-binding loops of C2B. This broadening
results from a decrease in both the rates and amplitudes of
motion of the R1 side chain. Previously, changes in the EPR
spectra of spin-labeled C2 domains were shown to be
associated with the penetration of these labeled sites into
the membrane interface (17, 18, 21). The source of this
broadening is not entirely clear, but it could result from
changes in backbone dynamics, loop structure, or interactions

made between the membrane-binding loops and lipids in the
interface. The changes in the EPR spectra that are seen in
Figure 3 upon membrane addition are not seen in the absence
of Ca2+ and indicate that there is Ca2+-dependent membrane
penetration of sites in both C2A and C2B to membranes
containing POPS.

The normalized amplitudes of the EPR spectra provide a
qualitative comparison of the rates of motion of the nitroxide
side-chain, and Figure 4 plots the change in the normalized
amplitude for each of the 19 R1 mutants in the presence
and absence of bilayers. Four regions yield spectra that show
the most significant change in line shape upon membrane
binding, and these include the first and third Ca2+-binding
loops of each domain.

EPR spectra for each of the 19 spin-labeled sytIC2AB
mutants were power saturated in the presence of oxygen or
Ni(II)EDDA to obtain a depth parameter,Φ, which is related
to the position of the nitroxide relative to the membrane
interface. Table 2 lists these parameters, along with depth
parameters obtained for C2A or C2B alone as isolated
domains. Values ofΦ 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. Values greater
than this are localized in the interface or within the bilayer
interior. The most positive values are associated with labels
in Ca2+-binding loops one and three of C2A and C2B.

SytIC2AB Penetrates More Deeply than Either C2A or
C2B Alone.Figure 5 compares EPR spectra obtained for
several sites in sytIC2AB (blue traces) with spectra obtained
previously (17, 18) for the same positions in either C2A or
C2B (red traces). At most sites, the spectra are virtually
identical in either the presence or absence of membranes.
Spectra from spin labels placed in C2A are very similar when
the isolated and tandem domains are compared, except for
the spectrum from site M173R1, which is broader in the
tandem domain than the isolated domain. This may result
from differences in tertiary structure or backbone dynamics
between the two expressed proteins, or a deeper penetration
of C2A in the tandem construct. Sites in C2B exhibit more

Table 1: Tb3+ Binding to C2AB in the Presence of POPC/POPS
Vesiclesa

C2AB Kd

wild-type 0.52( 0.04µM
K297R1 0.28( 0.15µM
T334R1 0.24( 0.18µM
N370R1 0.10( 0.01µM
G368R1 0.07( 0.01µM
K369R1 0.72( 0.02µM
I367R1 0.2( 0.05µM
K327R1 0.16( 0.006µM

a The Tb3+ affinities were obtained in the presence of 50µM POPC/
POPS (75:25). The values ofn, the Hill coefficient, were allowed to
vary in the fit and ranged between 0.7 and 2.3.

FIGURE 3: X-band EPR spectra of single R1 substitutions in
sytIC2AB in the presence of Ca2+. Aqueous spectra are shown in
blue, and the spectra of C2AB completely bound to POPC/POPS
(75:25) vesicles are shown in red. 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. Loop sites
that insert into the bilayer show the most dramatic changes in line
shape upon membrane binding. The spectra are all 100 Gauss scans.

FIGURE 4: Change in normalized EPR amplitudes upon membrane
binding. Normalized amplitudes are plotted as 1- (Imem/Iaq), where
Imemis the amplitude bound to membranes, andIaq is the amplitude
in solution. Mutants in C2A, gray; mutants in C2B, black. Larger
values indicate the greatest loss of motional averaging upon
membrane binding.
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differences when the isolated and tandem domains are
compared, and a few of these differences are quite dramatic.
For example, I367R1 and K369R1 are significantly broad-
ened when C2A and C2B are present together. This differ-
ence is not the result of dipole-dipole interactions between
spin labels because dilution with unlabeled wild-type C2AB
does not alter these spectra. These differences must be due
to differences in membrane penetration, structural rearrange-
ments in the third Ca2+-binding loop, or altered interactions
with membrane lipid.

The depth parameters shown in Table 2 indicate that many
sites in C2A and C2B penetrate more deeply when present
together (in sytIC2AB) than as isolated domains. At most
sites with full aqueous exposure (for example, L202R1,
T334R1, and N370R1), the depth parameters are unchanged
when each isolated domain is compared to sytIC2AB.
However, most labels that are located in loop regions show
significantly greater depth parameters, indicating greater
membrane penetration in sytIC2AB than in either isolated
domain (for example, M173R1, V304R1, G305R1, and
G368R1). Taken together, both the spectra and depth

parameters indicate that C2A and C2B interact differently
with the membrane interface when present in tandem than
they do as isolated domains. In particular, the data suggest
that C2A and C2B penetrate more deeply in sytIC2AB.

Membrane Orientation and Depth of Penetration of
sytIC2AB.The depth parameters shown in Table 2 were used
to determine the membrane orientations and positions of C2A
and C2B for sytIC2AB. The procedure (see Material
Methods) was identical to that applied previously for the
isolated C2A and C2B and treated each domain as a static
rigid structure. The best fit obtained for the depth data from
C2A and C2B, the orientations of the domains, and the depth
dependence ofΦ are shown in Figure 6 .

The fit shown in Figure 6 yields the depth and position
for C2A and C2B shown in Figure 7a. Also shown for
comparison are the membrane positions determined previ-
ously for the isolated C2A and C2B domains (Figure 7b).
As indicated by the primary data, the membrane interactions
made by both domains take place primarily through the first
and third Ca2+-binding loops. The orientations are similar
to those seen for the isolated domains, but both domains are
tilted in sytIC2AB so that the axis of the domains defined
by theâ-sheets is aligned closer to the bilayer normal. The
orientation seen for C2B places its polybasic strand off the
bilayer interface. Compared to the isolated domains, both
domains in C2AB appear to lie approximately 6-7 Å deeper
in the bilayer interface. The largest uncertainly in the depth
arises from the uncertainly in R1 side chain configuration,
and a careful analysis of the effect of side chain orientation
indicates that the error in determining the depth of penetration
is on the order of(2 Å. Although not large compared to
the error, the differences between the depth of penetration
of C2AB compared to C2A or C2B appear to be significant.
This is also indicated by the fact that both domains are
translocated inward by about the same extent in C2AB and
by the fact that the primary data (EPR spectra and depth
parameters) indicate deeper penetration of sytIC2AB.

Table 2: Depth Parameters,Φ, for C2AB or Isolated Domainsa

mutant C2AB C2A,C2B mutant C2AB C2B

L171R1 -1.9( 0.5 -1.7 V304R1 -0.4( 0.2 -1.5
M173R1 +0.8( 0.3 -1.4 G305R1 +0.8( 0.2 -0.7
G174R1 +0.6( 0.1 +0.4 G306R1 +0.3( 0.3
L202R1 -2.5( 0.1 -2.4 K327R1 -2.2( 0.2
F231R1 -1.4( 0.5 -1.7 T334R1 -2.2( 0.1 -2.2
F234R1 -0.1( 0.1 +0.6 I367R1 -2.1( 0.4
K236R1 -0.3( 0.2 -0.6 G368R1 +0.6( 0.1 -1.8
I239R1 -1.5( 0.3 -2.1 K369R1 -1.2( 0.2 -2.3
K297R1 -2.4( 0.1 N370R1 -2.3( 0.3 -2.2
K300R1 -1.7( 0.3

a The depth parameters for C2AB are the average of two to four
measurements, and errors represent standard deviations for the data.
Data listed for C2A and C2B were reported in refs 17 and 18 (17, 18),
respectively and are shown for comparison. Errors inΦ for the isolated
domains are(0.2 to 0.4.Πoxy andΠNiEDDA have an uncertainty of(0.05
and (0.4, respectively. For comparison, the depth parameter for the
spin-labeled lipid 5-doxyl PC is+1.49 ( 0.15. A listing of depth
parameters for other lipid and bacteriorhodopsin spin labels used in
the fitting of eq. 1 was published previously (21).

FIGURE 5: Comparison of EPR spectra from tandem and isolated
C2domains. X-band EPR spectra of R1-labeled sytIC2AB (blue
traces) or separately expressed sytIC2A or sytIC2B (red traces)
when the domains are fully bound to POPC/POPS (3:1) membranes
in the presence of Ca2+.

FIGURE 6: Fit obtained with depth parameters by orienting sytI
C2A and C2B. The orientation and position of C2A and C2B in
sytIC2AB are oriented until a best fit is obtained between measured
depth parameters (sytIC2AB (C2A)(9), sytIC2AB (C2B) (b)),
calibration data (open figures bacteriorhodospin (∆), doxyl-labeled
phosphatidylcholine (O) sytIC2A (+)), and a calibration curve. The
solid line represents the calibration curve, which is described by
eq 1, whereA, B, C, andD are 3.4, 0.11, 8.56, and 1.1, respectively.
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DISCUSSION

At the present time, the precise role of synaptotagmin I
in the fusion process is not known. Synaptotagmin I may
promote fusion by directly interacting with SNAREs or by
targeting the plasma (or vesicle) membrane in a Ca2+-
dependent fashion. However, C2 domains are known to
function as Ca2+-dependent membrane-binding modules, and
Ca2+-dependent membrane insertion could provide the trigger
for fusion. Our goals in this work were to determine the
membrane docking position of sytIC2AB in membranes
containing POPC/POPS and to determine whether the
interactions differed from those made by each isolated
domain.

The data presented here indicate that C2A and C2B make
similar contacts with the membrane interface either as
isolated domains or in a tandem construct. Like the isolated
domains (17, 18), both C2A and C2B contact POPC/POPS
membranes through interactions made by their first and third
Ca2+-binding loops. Several features regarding the position
of sytIC2AB deserve note. First, the orientation of C2B
places its highly positively charged basic strand away from
the membrane interface. This indicates that this strand does
not closely interact with the POPS in the bilayer interface
and that electrostatic interactions by this strand do not
dominate the interaction of C2B with the interface when it
is attached to POPC/POPS in a Ca2+-dependent manner. It
is interesting to consider the possibility that this strand may
be available for interactions with other components in the
fusion system and that this orientation might allow for
simultaneous membrane/SNARE interactions. C2B is also

reported to bind strongly to membranes containing PI(4,5)-
P2 (13). Conceivably, this interaction with PI(4,5)P2 might
act to modulate the orientation and availability of the
polybasic face of C2B for other interactions.

A recent report provides evidence that this region of C2B
inserts into bilayers, providing a mechanism for C2B to
bridge between two bilayers in a Ca2+-dependent fashion
(24). However, we do not see evidence for this penetration
in these data, and the EPR data are quite clear in this regard.
One spin label we have in this region, K327R1, does not
exhibit line shape changes upon membrane association that
would accompany insertion, and the collision depth param-
eters indicate an aqueous exposure for this site when
membrane bound. We are currently exploring this region in
greater detail. It is conceivable that the polybasic region
makes a peripheral interaction with a membrane interface,
as has been observed for many basic peptides (25-28). If
this association were localized to the double-layer and our
spin label was 5 Å or greater off the bilayer surface, our
current choice of collision reagents might not detect the
interaction.

The data presented above indicate that there are differences
in the extent of membrane penetration made by the two
domains when present in the tandem construct. Although
there is considerable uncertainty in our analysis, the differ-
ences in depth appear to be significant as judged by the
models generated and by the primary data. Previous work
using fluorescence demonstrated in a very qualitative way
that C2B as an isolated domain failed to penetrate bilayers,
but it penetrated when present in tandem with C2A (6, 29).
The results presented here and elsewhere (18) indicate that
although there is penetration of C2B in the absence of C2A,
there is deeper membrane penetration in the tandem domain
than the isolated domains. Therefore, our findings regarding
C2B are qualitatively consistent with the earlier work.

It is not clear why tandem domains would act synergisti-
cally to enhance their mutual penetration, but a number of
possibilities exist. These domains may alter lipid curvature
strain and could promote their own membrane association,
as has been observed for some surface-interacting peptides
(30, 31). An interesting possibility is that the C2 domains
of sytI might promote a lateral phase separation and demixing
of lipids such as phosphatidylserine (PS) and do so more
efficiently when both domains are present. Indeed, previous
work has provided evidence that C2A may demix lipids such
as PS in bilayers (20). Increasing the local concentration of
PS would increase the long-range electrostatic interaction
between C2AB and the membrane interface and might
facilitate a deeper membrane penetration.

As indicated above, membrane fusion may be facilitated
or triggered by the membrane insertion of C2 domains.
Insertion of the domains could destabilize the bilayer by
promoting lipid demixing of PS and other charged lipids such
as PI(4,5)P2. In addition to lipid demixing, membrane
penetration of the C2 domains of sytI alone may be disruptive
of bilayer packing. Indeed, fusion peptides have been shown
to reside in the membrane interface (32) in a fashion that is
thought to thin bilayers and be highly disruptive of membrane
packing (33-35).

In summary, the membrane interactions and position of
the two C2 domains, a soluble fragment of synaptotagmin
I, have been determined by site-directed spin labeling. The

FIGURE 7: Position and docking of synaptotagmin C2 domains at
the membrane interface. (a) Positions obtained for C2A and C2B
in sytIC2AB at the membrane interface obtained from the fit in
Figure 6. The membrane docked structures were produced using
pdb structure files for C2A and C2B: pdb ID: 1BYN and pdb ID:
1K5W, respectively. The best fit positions correspond to successive
Euler angle rotations for theφ (z-axis),θ (x′-axis), andψ (z′-axis)
of 41°, 143°, and 298°, respectively, a displacement of structure
along thex-axis of -10.1 Å for C2A and 58°, 132°, and 284°,
respectively, and a displacement of structure along thex-axis of
-16.3 Å for C2B. These rotations and displacements are carried
out using the center-of-mass of the protein on the local coordinate
frame defined by the pdb file, where the bilayer phosphates lie in
they-z plane (solid line). (b) Orientation and position of sytIC2A
and sytIC2B determined previously (17, 18). The highly positively
charged (polybasic) region of C2B is shown in red.
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data indicate that these domains interact with bilayers
primarily through their first and third Ca2+-binding loops
and that the highly polybasic face of C2B does not closely
interact with the interface of PS-containing membranes.
Compared to each C2 domain when studied alone, the
domains when present in tandem appear to penetrate more
deeply into the interface, indicating that there are cooperative
interactions modulating membrane insertion. These coopera-
tive interactions between C2 domains may provide an
explanation for the appearance of multiple C2 domains in
synaptotagmin and other proteins that are involved in
membrane trafficking and repair.
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