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ABSTRACT: Site-directed spin labeling was used to determine the membrane orientation and insertion of
the C2A domain from synaptotagmin I. A series of single cysteine mutants of the C2A domain of
synaptotagmin | was prepared and labeled with a sulfhydryl specific spin label. UgbroOmembrane
binding, the EPR line shapes of these mutants reveal dramatic decreases in label mobility within the
Ca&*-binding loops. This loss in mobility is likely due in part to a reduction in local backbone fluctuations
within the loop regions. Power saturation was then used to determine the position of each spin-labeled
site along the bilayer normal, and these EPR distance constraints were used along with the high-resolution
solution structure of C2A to generate a model for the orientation and position of the domain at the membrane
interface. This model places the polypeptide backbone of both the first and tHiteb@aling loops in
contact with the membrane interface, with several labeled side chains lying within the bilayer interior.
All three C&*-binding sites lie near a plane defined by the lipid phosphates. This model indicates that
there is some desolvation of this domain upon binding and that hydrophobic as well as electrostatic
interactions contribute to the binding of C2A. When compared to the C2 domain from cPLA2 (Frazier et
al. (2002)Biochemistry 416282), a similar orientation for th&sandwich region is found; however, the
cPLA2 C2 domain is translocated-3 A deeper into the membrane hydrocarbon. This difference in
depth is consistent with previous biophysical data and with the difference that long-range electrostatic
interactions and desolvation are expected to make to the binding of these two C2 domains.

The reversible association of key cytoplasmic proteins to  The C2 domain was originally identified as one of four
the membrane interface is of critical importance for much distinct conserved domains in €adependent isoforms of
of the biochemistry that takes place during cell signaling. PKC, but it has now been identified in over 100 proteins
Proteins may be targeted to membrane surfaces by a numbethat function in a range of cell signaling evenic{17).
of mechanisms, including protein acylation or long-range Synaptotagmin is a membrane protein that appears to serve
Coulombic interactions between highly basic protein motifs as a C&" sensor for regulated exocytosis in neuroh8)(
and negatively charged membrane interfacs3]. Cyto- and it possesses two C2 domains that are tied together by a
plasmic proteins are also targeted to membranes by specificilexible linker. In the presence of €4 the first C2 domain
protein domains, which interact either with particular lipids (C2A) binds strongly to membranes containing negatively
or bind nonspecifically to the membrane interfade These  charged lipids, but it has low affinity for membranes lacking
membrane binding domains are widely distributed in proteins acidic lipids (L9, 20). The role of the second C2 domain
that function in cell signaling, and they include pl_eckstrin (C2B) in synaptotagmin is less clear. It has been reported to
homology (PHY, C2, FYVE, Phox, and ENTH domainSt  fynction in both Ca"-dependent membrane and protein
11). Many PH domains interact with specific lipids such as pinging @1), and recent reports indicate that?G#inding

PI(4,5)R; however, others appear to interact weakly or 4 this domain may be critical for membrane fusi@®)
nonspecifically with the membrane interfad®,(13). FYVE,

Phox, and ENTH domains also have the capacity to interact — : : :
with specific polyphosphoinositides. C2 domains usually ~ *Abbreviations: bR, bacteriorhodopsin; AEBSF, aminoethyl-

: _ benzene sulfonyl fluoride hydrochloride; CBL, Tabinding loop;
mediate C#&'-dependent membrane attachment, although DPPH, .o -diphenyl-picrylhydrazyl; ENTH, epsin N-terminal ho-

some C2 domains constitutively bind membranes and aremology; EPR, eleciron paramagnetic resonance spectroscopy; HEPES,
not C&*-dependenti4). N-2-hydroxyethylpiperaziné¥-2-ethanesulfonic acid; LUV, large uni-
lamellar vesicle; MTSSL, methanethiosulfonate spin label; NIEDDA,
nickel(ll) ethylenediaminediacetic acid; PI(4,5)Phosphatidylinositol
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membrane surfaces. Second,>Ghinding reduces the de-
solvation energy of the C2 domain on its membrane binding
face. The importance of these two effects is thought to be
different for different C2 domains. In the case of the C2
FicURE 1: NMR-derived solution structure of the synaptotagmin | domain from cPLA2, which preferentially binds to neutral
C2A domain (PDB code 1BYN) showing the eight-stranded zwitterionic phosphatidylcholine (PC) membranes?Ca
g;)sui“dd"(‘:’ghiéﬁg'oné three @abinding loops (CBL), and three  Kinging appears to act by reducing the desolvation energy.
©6). However, for the C2A domain from synaptotagmin, which

Figure 1 shows a solution structure for the synaptotagmin réquires acidic lipids such as phosphatidylserine (PS) for
| C2A domain (synIC2A) 23). All C2 domains examined membrane blnd_mg, Ca |s_thought to modulate the long-
thus far have a similar fold and consist of an eight strand f@nge Coulombic interaction between the domain and the
B-sandwich formed from two 4-strand@esheets. The loops ~ N€gdatively charged membrane surface.
that connect th@-strands on one end of the domain form ~ Recently, site-directed spin labeling (SDSL) was used to
binding sites for three CGa ions, and it is these loops that determlne_ the membrane penetration and orientation of the
interact with the membrane interface. Information on the C2 domain from cPLA2 on the membrane interfa@8)(
docking and orientation of C2 domains on membrane This approach m_ade use of a series of s_mgle cysteine mutants
surfaces has been obtained using several approaches. Fdhat were der_lvatlzed_wnh a methane thlosulfqnate spin Igbel
example, NMR spectroscopy has been used to identify the(MT_SSL). This chem|st_ry incorporates th_e spl_n-labeled side
membrane-interacting face of C2 domains from chemical chain, R1 (Scheme 1), in place of the native side chig-(
shift changes that take place in the presence of micetigs (43 EPR spectroscopy was then used to determine the
25): however, chemical shift changes at regions distal to the positions of thg labeled side-chains along the bilayer normal,
putative binding loops have been observed. For the c2and the positions were used to generate a model for the
domain from cytosolic phospholipase A2 (cPLA2), fluores- Mmeémbrane bound domain. This work indicated that the
cence and EPR spectroscopy have provided information onCPLA2 CZ_do_maln penetrates the membrane interface so that
membrane docking?6—28). These results clearly indicate the C&'-binding sites lie several A below the membrane
that the domain from cPLA2, which does not require acidic interface. Side chains from the €abinding loops penetrate
lipid for binding, penetrates deeply into the membrane &S much as 15 A below the level of the lipid phosphates. In
interior. This finding is also consistent with the results of this model a major portion of the domain is dehydrated upon
photolabeling experiments and monolayer surface pressurgembrane binding, consistent with the predictions of recent
measurements26, 29, 30). In contrast, the synaptotagmin €léctrostatic calculations3p). _ _

C2A domain is thought to associate peripherally with the [N the present work, we use site-directed spin labeling to
bilayer (16, 20), although fluorescence labeling indicates that €xamine the membrane binding of the C2A domain from

at least two residues penetrate the bilay) (For most C2 synaptotagmin |, and we generate a mode_:l for the orientation
domains, precise information on their membrane orientation @1d depth of penetration of the domain on membranes
and depth of penetration that could be used to determine thetontaining acidic lipid. Although this domain is believed to

nature of the intermolecular contacts between the protein andNtéract electrostatically, our data demonstrate that portions
membrane is not generally available. of this domain do penetrate the bllgyer; .howeve_r, the domain

A number of different mechanisms have been proposed does not assume as deep a position in the bilayer as does
to account for the Cd-dependent binding of C2 domains. he C2 domain from cPLA2. Our EPR data also reveal
For example, C&-binding affinity increases dramatically —decreases in synlC2A dynamics upor*Cand membrane
in the presence of lipid32, 33), indicating that C& binding. The interpretation of these. results in Ilght _of
coordinates both phospholipid and residues from the C2 computational work and other experimental work is dis-
domain @3, 34). C&* has also been proposed to induce Ccussed.
conformational changes, which exposes residues that interac[vI ATERIALS AND METHODS
hydrophobically with the membrane or create binding sites
for lipids (35). Electrostatic interactions likely play a major Materials. 1-Palmitoyl-2-oleoylsn-glycero-3-phospho-
role in the membrane association of the C2A domain from choline (POPC) and 1-palmitoyl-2-oleogitglycero-3-phos-
synaptotagmin 36) and may have an important role in phoserine (POPS) were from Avanti Polar Lipids, Inc.
regulating the C&-dependent membrane attachment of C2 (Birmingham, AL). All lipids were greater than 99% pure,
domains. Recent computational work indicates that"Ca as determined by chromatography on Adsorbosil-Plus
makes at least two contributions to the binding of C2 domains thin-layer chromatography plates (Alltech Associates, Inc.,
(37). First, it enhances the positive electrostatic potential on Deerfield, IL). The sulfhydryl reactive spin label, (1-oxyl-
the membrane binding surface of the domain, thereby 2,2,5,5-tetramethyh3-pyrroline-3-methyl) methanethio-
increasing the Coulombic attraction to negatively charged sulfonate (MTSSL), was purchased from Toronto Research
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Chemicals, Inc. (North Fork, Ontario, Canada). The para- synaptotagmin residues 9@65 plus 25 additional residues
magnetic reagent, nickel(ll)-ethylenediamine-Ndacetic from the pGEX vector. In some preparations, gel electro-
acid (NIEDDA), was synthesized as described previously phoresis and mass spectrometry identified an additional 19
(42). GSTrap FF pre-packed columns, benzamidine pre- kDa protein. As noted previously, synaptotagmin | contains
packed columns, HiPrep desalting column, and thrombin a hypersensitive proteolytic cleavage site, which is thought
protease were purchased from Amersham Biosciencesto be located between residues-410 33, 46). The 19 kDa
(Piscataway, NJ). High-fidelity Vent DNA polymerase and protein was confirmed by Edman sequencing to be a
all restriction endonucleases were obtained from New shortened version of C2A, where the hypersensitive pro-

England Biolabs (Beverly, MA).

Buffers PBS (phosphate buffered saline): 10 mMNRBO,,
2.7 mM KCI, 1.8 mM KHPQ,, 140 mM NaCl, pH 7.3.
Resuspension buffer: PBS, 1 mM DTT, 5 mM EGTA, 1%
protease inhibitors (AEBSF or PMSF, leupeptin, aprotinin),
and 2% Triton X-100. Wash buffer: 750 mM NacCl, 25 mM
EGTA, 50 mM Tris, pH 8.4. Calcium buffer: 1 mM Cagl
100 mM NaCl, 20 mM HEPES, pH 7.4. Ficoll calcium
buffer: calcium buffer in 20% Ficoll 400. Ficoll EDTA
buffer: 5 mM EDTA, 20 mM HEPES, 100 mM NacCl, pH
7.4, and 20% Ficoll 400.

DNA Modification Dr. Carl Creutz (Department of
Pharmacology, University of Virginia) generously provided
DNA of synIC2A, in the vector pGEX-KG43), encoding
amino acid residues 9&65. The plasmid encoding the GST-
fusion protein containing wild-type synlC2A has been
described previouslyd). All DNA modifications followed
published protocolsA®), and the two-step polymerase chain

teolytic site is located between residues 104 and 105.

Spin Labeling C2A ProteinLyophilized protein was
brought up in 1.75 mL of Spin Labeling Buffer (PBS and 5
mM EGTA). DTT was added at a mole ratio of 3:1 DTT:
protein, and MTSSL was subsequently added in a mole ratio
of 10:1 MTSSL:DTT. The mixture was thoroughly shaken
and stored in the dark at room temperature ferl2 h.
Excess spin label was removed by desalting on a HiPrep
16/10 column. At the same time, the spin-labeled protein
was buffer exchanged into Calcium Buffer. Sequentially
concentrating with centripreps and centricons yielded stock
protein concentrations of 0-:2 mM, as determined using a
Bradford Assay (Pierce, Rockford, IL).

Large Unilamellar VesiclesLarge unilamellar vesicles
(LUVs) were prepared with a POPC:POPS ratio of 3:1 by
mixing the appropriate aliquots of lipids, drying the solution
under a stream of argon, and vacuum desiccating the mixture
overnight. The resulting film was hydrated in half the volume

reaction (PCR) was used to produce 19 single-cysteinerequired with a buffer of 2100 mM NaCl, 50 mM HEPES,
mutants of C2A. Individual cysteine residues were introduced pH 7.4, for 1 h, vortexed thoroughly, and extruded through

at positions, 142, 170, 171, 17376, 197, 199, 201, 202,

a polycarbonate filter with a 0.2m pore diameter using a

229, 231, 233, 234, 236, 237, 239, and 240. All cysteine hand-held Mini-Extruder (Avanti Polar Lipids, Birmingham,

substitutions were confirmed by DNA sequencing.
Protein Purification The mutant plasmids for synlC2A
were transformed into BL21(DE3)pL$scells. A single

AL). After extrusion, the remaining buffer was added and
consisted of 2 mM CaGl 100 mM NaCl, and 50 mM
HEPES, pH 7.4. The final calcium ion concentration was 1

colony was used to inoculate a 100 mL pre-culture of Luria- mM. Lipids were extruded at a total concentration of 80 or

Bertani (LB) media containing 50 mg/L ampicillin, and the
pre-culture was grown overnight at 3C, shaking vigor-
ously, in a baffled flaskA 1 L culture of LB media in a
2.8L Fernbach flask, with 50 mg/L ampicillin, was inoculated
with the pre-culture and grown to an @gof 0.8. Expression
was induced by addition of 0.1 mM isopropyie-thio-
galactopyranoside and proceeded fei6h at 20°C, shaking
vigorously. Bacteria were collected by centrifugation at
10 000 rpm for 30 min at 4C, and the resulting bacterial

150 mM and then diluted for use.

Measurement of C2A Domain Membrane Affiniti@ation
affinities of the spin-labeled C2A domain mutants in the
presence of membranes were measured with & Tlbo-
rescence binding assay as described previously sing
either an SLM Aminco 8100 or a Jobin Yvon-Spex Fluo-
rolog-3 model FL3-11 fluorimeter and a Teflon-capped 300
uL mini-fluorimeter cell (McCarthy Scientific, Fullerton,
CA). The tryptophan on synIC2A was excited at a wave-

pellet was solubilized in Resuspension Buffer. The cells were length of 295 nm, and fluorescence intensities were moni-

lysed while on ice with a micro-probe tip sonicator, or with

tored at wavelengths of 342 nm (Trp) and 545 nm3(7b

a French Press. After disruption, the lysate was repeatedlyThe intensity at 342 nm was used to calculate the binding
passed through a Dounce homogenizer before centrifugationaffinity as it displayed the larger change upor#Thinding.

at 14 000 rpm for 30 min at 4C. The clarified supernatant
was preserved at 4C, for up to 3 months and, if required,
filtered with a 0.45um syringe filter.

The synlC2A-GST fusion protein from the clarified

Spectra were collected after allowing an incubation time of
15 min to achieve equilibrium, and the samples were
continuously stirred throughout the experiment.

EPR Measurementsrotein sample concentrations for

supernatant was purified by affinity chromatography on EPR spectroscopy typically ranged from 20 to 308, and

GSTrap FF pre-packed columns using an AKTA Prime the lipid vesicles (LUVs) were used at a concentration of
system (Amersham Biosciences, Piscataway, NJ). Purified20 mM or higher to ensure complete membrane binding and
synlC2A was cleaved from the column with thrombin, eluted low surface densities. EPR spectra were recorded using a
with  Wash Buffer, concentrated using 10 000 MWCO Varian E-line Centuries series spectrometer fitted with a
centripreps (Millipore, Bedford, MA), buffer exchanged into microwave preamplifier and an X-band loop-gap resonator
0.5 mM ammonium bicarbonate, and lyophilized. Protein (Medical Advances, Milwaukee, WI). Spectra were recorded
purity and identity were confirmed by SD®AGE (Bio- at room temperature and were typically an average of twenty-
Rad, Hercules, CA) and mass spectrometry (Scripps Centerfive 30 s scans. From the peak-to-peak line width of the EPR
for Mass Spectrometry, La Jolla, CA). The molecular weight central resonancé, the scaled mobilityiVis, for the nitroxide

for synlC2A was approximately 21.5 kDa, consisting of was determined fromMs= (0~ — 6 )/(Om * — 6i"Y). Here
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Om and o represent the line widths of the most mobile and
least mobile R1 side chains previously observed in proteins
(48).

Continuous-wave power saturation measurements were mutant

performed as described previousl$8]. Due to steric
constraints and purification problems, residues 197R1 and
199R1 were not included in the power saturation data set.
From these experiments, a collision parameter fo(IT)
and a collision parameter for NiEDDAITVEPPA) were
determined. A depth parametdr, was then calculated using
the following expression:

>y ]

e = II’]’I—INiEDDA (1)

Modeling the Orientation of the synlC2A Domaifhe
orientation of the synaptotagmin | C2A domain was modeled
as described previoush2®) by obtaining the best fit of
protein orientation and depth to the high-resolution solution
structure of the domain, known depth calibration points, and
an empirical form for the depth parametr In short, the
R1 side chain was appended to the NMR-derived structure
of synIC2A (PDB code 1BYN) at the labeled sites. The labels
were placed in configurations determined by recent crystal-
lographic studies on R140), where the first, second, and
third dihedral angles are ingt, g+, g— conformation. The
exceptions were residues 199 and 239,(g+, g+), residues
202 and 237d+, t, g—), and residue 197g(, t, g+) due

Biochemistry, Vol. 42, No. 1, 20039

Table 1. TB" Binding Constants to C2A in the Presence of
POPC:POPS Vesicles
Kp lipid/ Kp lipid/ Kp lipid/

uM mutant uM mutant uM

8+2 T176R1 16£3 R233R1 1A3
L142R1 8+ 2 V197R1 4+ 1 F234R1 4+ 1
A170R1 71 R199R1 82 K236R1  13+3
L171R1 124+ 2 T201R1 6t 1 H237R1 5+1
M173R1 7+1 L202R1 4+1 1239R1 5+1
G174R1 8t 2 Y229R1 8+ 2 1240R1 5+1
G175R1 14+3 F231R1 8t 2

a As described previously{), these binding constants represent the
Tb3"-dependent membrane binding affinities for the synIC2A domain.
The errors shown in the table are based on instrumental and sample
reproducibility and are approximately 20% of the measured values.

synIC2A in the presence of membranes (see methods). This
was carried out to ensure that each mutant C2A was folded
correctly and retained its membrane binding function. The
cation dissociation constary, for wild-type synlC2A was
found to be & 2 uM in the presence of 75:25 POPC:POPS
LUVs. This is consistent with thi, value expected for TH
based upon thé&y value found previously for Ca (16).
Table 1 summarizes the affinities measured for the spin-
labeled synIC2A mutants in the presence of membranes.
Compared to the wild-type value, the membrane binding
affinity is not significantly altered by introducing the spin-
labeled side chain into the synlC2A domain. The values
determined for the cation-dependent membrane binding do

to steric constraints. A set of coordinates for the nitrogen pqt vary by more than a factor ef2 and therefore represent
atoms on the R1 side chain was then generated. A modelig|aiively small changes in the free energy of binding. As

for the membrane bound position of synIC2A at the interface
was defined by three Euler angles and its position along the
bilayer normal.

As discussed previously28), the depth parameter is
assumed to have the following behavior:

o =AtanhB(x— C)] + D (2)

wherex represents the distance of the label from the lipid
phosphates (positive values gfare inside and negative
values are outside the bilayeA,andD set the bulk values
of @ in water and hydrocarbor; determines the position
of the inflection point of the curve, anBl determines the
slope of the curve. The position and orientation of the domain
was varied along with the quantitieB (— A), B, andC of
eq 2 to find the best fit between the synIC2A domain data,
the spin-labeled phosphatidylcholine (PC) and bacterio-
rhodopsin (bR) calibration points, and the form of eq 2. The
data from doxyl-labeled PC and spin-labeled bacteriorhodop-
sin mutants were obtained previously for membranes having
the same lipid composition as that used he28).(The
resulting model is constrained by the form of eqd2 data

expected, the biggest changes are seen when the R1 side
chain is substituted for membrane-interacting residues on
loop 1 and basic residues that presumably interact with acidic
lipids upon binding. This result indicates that this domain is
folded correctly and that the incorporation of these labels
does not significantly alter its membrane binding properties.
This is consistent with a previous site-directed spin labeling
study on the C2 domain from cPLA2, which demonstrated
that the incorporation of spin labels onto the exterior surface
of the domain had little effect on €adependent protein
binding 28).

EPR Spectra Reeal Secondary Structure and Membrane
Insertion The EPR spectra for synlC2A in aqueous solution
and bound to POPC:POPS bilayers are shown in Figure 2.
In the absence of lipid, there is considerable variation in the
EPR line shapes. Several spectra (142R1, 197R1, 229R1,
239R1, and 240R1) are quite broad and correspond to spectra
that might arise from spin labels with effective isotropic
correlation times on the order of% ns 6£0). These broader
EPR resonances result from labels that are placed within the

B-sandwich region of synIC2A. A number of spectra (173R1,

for synIC2A, @ values for spin-labeled lipids and bR, the 174R1, 201R1, 233R1, and 236R1) are much narrower and

allowed configurations for the R1 side chain, and geometrical
constraints imposed by the solution structure of the synIC2A
domain.

RESULTS

Membrane Binding of Wild-Type and Single Cysteine
synIC2A MutantsFor each of the spin-labeled synIC2A

arise from nitroxides having effective isotropic correlation
times in the 1.52 ns range. This time scale is somewhat
shorter than the correlation time expected for overall
rotational diffusion of the protein, which is approximately 6
ns according to the StokeEinstein equation. These narrower
spectra all arise from labels placed within loop regions of
synIC2A, and the additional narrowing likely arises from

mutants, membrane binding was determined and comparedocal or backbone motional averaging of the nitroxide

to wild-type protein by monitoring terbium affinity to

magnetic interactions.
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Ficure 2: EPR spectra of 19 R1 mutants of synIC2A in aqueous Residue

solution (solid lines) and bound to lipid vesicles (dashed lines) FIGURE 3: (A) Scaled mobilities for the spin-labeled synIC2A in

composed of POPC:POPS (3:1). All the spectra are 100 G scansFicoll Calcium Buffer, calculated using = 8.4 G andon, = 2.1

and are normalized against their second integrals. Direct comparisonG (48). High-viscosity solutions reduce the tumbling rate of the

of the EPR amplitudes provides an approximate measure of theprotein without altering the rate of side chain motid&i) As a

extent of motional averaging of the spin label (Figure 3B). result, the spectra anbls values are only affected by motional
averaging at the labeled site. (B) Normalized peak-to-peak ampli-

A more quantitative comparison of the differences in line tudes of the central resonana® (= 0) comparing agueous and
membrane bound signalkyem and I, represent the normalized

shapes is shown in Figure 3A, which compares the values ympjitudes for the syniC2A domain spectra in the presence of
for the scaled mobilitiedyl, for each of the labeled sites in membranes or in aqueous solution, respectively. The amplitudes
ficoll calcium buffer. The value oM provides a qualitative  are scaled on thg-axis so that a value of O represents no change
measure of R1 motion, where values of 1 and 0 representi” ampl_itud_e, while a value of 1 represents a complete loss of signal
the most mobile and least mobile spin-labeled side chains"P°" Pinding.
seen in proteins3@). For side chains that are not in tertiary
contact, the value d¥ls is expected to be directly correlated does not; hence, these changes in nitroxide motion appear
with the dynamics of the protein backbor). It is readily to distinguish sites that are within the lipid bilayer for
apparent that the largest valuesvbf(173R1, 174R1, 175R1,  membrane bound synIC2A. The change in motional averag-
201R1, 233R1, 234R1 and 236R1) arise from spin labelsing upon binding could arise from two effects. First, the
placed within loop regions of the protein, indicating that these bilayer environment might alter the local side chain motion
are the most mobile regions of synlC2A in solution. The of R1; or second, the membrane environment might reduce
lowest values oMs (197R1, 229R1, 239R1 and 240R1) arise the amplitudes or rates of local backbone fluctuatiah)s (
from labels attached to th&fold of the protein. Thus, the Ca&?" Remaal Alters the Backbone Dynamics of the
EPR spectra, as observed previoudl§)( generally reflect Membrane Binding Loopshown in Figure 4 are the EPR
the secondary structure into which the label is incorporated. spectra for synIC2A in high-viscosity solution in the presence
All the synIC2A domain mutants undergo at least a slight and absence of €& In this high-viscosity solution, protein
broadening or decrease in normalized amplitude upon rotational diffusion makes little contribution to the EPR line
membrane binding (see Figure 2), which is expected sinceshapes 1), and the EPR spectra are defined by the local
the overall rotational motion in solution can no longer label motion and local backbone fluctuatiods); At many
contribute to the motional averaging of the nitroxide interac- sites, the EPR spectra are identical or quite similar in the
tions. However, several spectra (173R1, 174R1, 233R1,presence and absence of?Cahowever, at several sites
234R1, and 236R1) exhibit a much more dramatic decreasewithin the loop regions, dramatic increases in label mobility
in amplitude upon membrane binding, indicating a significant are indicated when Cais removed (for example, sites 173
loss of R1 motion at these sites. Figure 3B shows the changesl76). Because Ca binding does not alter the structure of
in normalized EPR amplitude for the labeled sites upon synIC2A 36), these differences do not result from changes
membrane binding. The largest changes occur for those sitesn tertiary contact. Furthermore, evidence for strong tertiary
on C&"-binding loops 1 and 3; however, large changes in contact of the spin label (large hyperfine extrema) is not seen
amplitude are not seen for residues in loop 2. As shown in most of these EPR spectra. Recent work on the motional
below, loops 1 and 3 penetrate the bilayer whereas loop 2averaging of the R1 side chain suggests that the changes

NOTFOTULOMNOITANNITOTONDO
ITNNMNMNNMNNMNNMNOOOCOONMMMMONOT
TETETETETECECEANANNNNNNNNN
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Ficure 4: EPR spectra in high viscosity solution (20% Ficoll 400)
in the presence (dashed lines) and absence (solid lines)%f Ca
Ca&* was removed by placing the protein into Ficoll EDTA Bulffer.

The spectra are 100 G scans and are normalized against their second

integrals.

seen in Figure 4 upon €aremoval are the result of changes
in backbone dynamics48) and that the data indicate
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Table 2: Collision and Depth Parameters for Spin-Labeled C2A
Domain Mutant®

distance distance
mutants  TI% TINEDDA (o) modeP curves
L142R1 0.18 1.1¢ -1.9 —10.6 —6.0
Al70R1 031 3.0 -2.3 -7.2 (-19.1)
L171R1 0.22 1.2 -1.7 —9.6 -3.9
M173R1 0.42 1.7 -1.4 —-3.4 —-1.7
G174R1 0.50 0.34 +0.4 5.3 5.8
G175R1 0.38 2.3 —-1.8 -1.1 —4.9
T176R1 0.37 2.6 -1.9 —6.5 —6.0
T201R1 0.28 1.9 -1.9 —7.6 —6.0
L202R1 0.29 3.2 —2.4 —-10.1 ----
Y229R1 0.25 1.9 —2.0 —13.3 =7.5)
F231R1 0.23 1.3 —-1.7 —-3.8 —-3.9
R233R1 0.39 1.6 —-1.4 —-0.3 =17
F234R1 0.46 0.25 +0.6 51 6.4
K236R1 0.38 0.69 —-0.6 1.4 2.3
H237R1  0.26 2.0 -2.0 -0.7 (-7.5)
1239R1 0.17 1.4 -2.1 —-8.0 =9.4)
1240R1 0.22 1.3 —-1.8 —-6.1 —4.9

a Collision data for the C2A domain is given bound to PC:PS LUVs.
b Distances for the C2 domain spin labels were obtained from the model
shown in Figure 6 and correspond to the position of the nitrogen atom
on R1 in angstroms from the plane of the lipid phosphates. Positive
distances are within the bilayer; negative distances are in the aqueous
phase. The uncertainty in these distances, as defined by the uncertainty
in @ and constrained by the structural model, is on the ordetDA.
¢ Distances were calculated from the experimental value® ofing
eq 2. Parentheses indicate valuesboft —1.9, which are obtained for
sites lying in the aqueous phase greater than a few A from the
membrane. For these sites, distances are poorly determined as indicated
by eq 2 and Figure 3! The uncertainty in thdI®¥ value is on the
order of+0.05.¢ The uncertainty ifINEPPA js on the order oft0.4.

Power Saturation Parameters Indicate that Loops 1 and
3 Insert into the BilayerAs described above (see Methods),
17 spin-labeled derivatives of the syn1C2A domain were

increased rates and/or amplitudes of backbone fluctuations power-saturated to generate collision parameters between the

particularly in loop 1, upon G4 removal.
To provide a more meaningful interpretation of thesé'Ca

R1 side chain and either oxygen or NiEDDA. Table 2
summarizes thél values and the corresponding values of

changes, several spectra shown in Figure 4 were simulatedhe depth parametef?, calculated according to eq 1.

with the microscopic-order-macroscopic-disorder model de-
scribed previously32), using the X%/Xs model for R1 side-
chain motion 1).? For T176R1 in the presence of Cathe
spectrum can be approximated ty= 1.05 ns ands= 0.5,
wheret. is the rotational correlation time aridefines a
simple axially symmetric restoring potential used in the
simulation Gis defined as:S= —1/2(3 cos # — 1), where

Previous work has shown thdt values more negative
than—2 are associated with sites that are in the bulk aqueous
phase, lying at distances greaterrtt@A from the level of
the lipid phosphates2@). As seen in Table 2, five labeled
sites have values ob that are less than or equal t62.0.

At these sites, lower values @#1°® and higher values of
IINEPDA gre observed, consistent with their placement in the

0 is the average angle between the protein fixed director bulk aqueous phase. The data in Table 2 lists 12 spin-labeled

and the zaxis of the diffusion tensor). When €ais
removed, the spectrum is approximatedtby= 1.05 ns and

S = 0.25. This difference inS suggests that there is a
substantial decrease in ordering of the nitroxide upofi Ca
removal; for example, the decrease in order could be
produced by an increase in backbone rocking motion of
approximately 8.

2The magnetic parameters and model for motion used in this
simulation are described in detail elsewhete The diffusion tilt angles
used wergfp = 36.2 andap = 4.0°. It should be noted that these

parameters have been derived only for exposed helical sites; nonetheles

they work well to approximate the EPR spectra on at least sorfie Ca
binding loop sites. In a helix, the likely orientation for the p-orbital of
the nitroxide on R1 makes it particularly sensitive to backbone rocking
motions; however, at this time we do not know its orientation on loop
sites and cannot rigorously assign the decrease in order to a specifi
backbone motion.

sites on membrane bound synIC2A widh values greater
than—2, indicating that these sites reside close to or within
the membrane bilayer. R1 side chains in loop 1 (G174) and
loop 3 (F234 and K236) have the largebtvalues, indicating
that sites in loops 1 and 3 are inserted into the membrane
bilayer. Labels on loop 2 (T201 and L202) reveal relatively
low @ values and suggest that loop 2 does not interact with
the membrane.

Modeling the Orientation of the Membrane-Bound synIC2A
Domain Using the depth data shown in Table 2 and the

s'solut|0n structure of synlC2A, the Euler angles and position

along the bilayer normal for the synlC2A domain were varied
until a best fit was obtained with lipid and protein calibration
data and the form of eq 2 (see Methods). This fit is shown

dn Figure 5, where thg-axis represents the modeled distance

from the lipid phosphates, and theaxis displays the
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Ficure 5: Depth calibration curve showing the fit of eq 2 and the
dependence ab on position from the lipid phosphates. Thaxis
values (P) for the synIC2A data®) are experimentally determined
values (Table 2), and theaxis values (distances) are generated
from the high-resolution solution structure of synIC2A in its best
fit position and orientation. Calibration points generated previously
(28) from bacteriorhodopsin{) and doxyl spin-labeled lipidsa(

are also shown and were used in the fit (see Methods).

experimentakb values. The solid line represents the depth
dependence fo, defined by eq 2, that best fits the data.
For this fit, the bulk hydrophobic limit was fixed at a value
of ® = 4.5. The bulk aqueous value df was allowed to lipid
vary, and the fit to the data yielded an aqueous limidbof phosphates
—2.3. This value is close to the average aqueous valde of

obtained for the cPLA2 C2 domaiid(= —2.5) (28), and it

is close to the experimentally determined aqueous value of C

@ for 3-carboxyproxyl ¢ = —2.6). The best fit parameters

obtained for eq 2 were 3.4, 0.1, 7.9, and 1.1 for A, B, C and

D, respectively, and are very close to the values derived from

data for the cPLA2 C2 domair2§).

The depth dependence férgenerated from the synlC2A

mutants indicates thab reaches 95% of its bulk aqueous R 3 SR N
value at a distancefs A from the membrane interface i g s DS
consistent with previous finding28). In addition, the best ] 3 AL ]
fit model indicates that labels with values @fgreater than
—1.1 are inserted into the bilayer. While there is scatter
among the most negative depth parameters, the data is fitFicure 6: (A) Orientation and position of the solution structure
reasonably well by eq 2 and suggests that large structuralof synaptotagmin | C2A on POPC:POPS bilayers (PDB code
Changes do not take p|ace in the SanCZA domain upon 1BYN) The R1 side chain and the nitrogen atom of the nitroxide

P ; radical for the 19 spin labeled mutants are shown in green. Calcium
membrane binding. The measurements ®fare quite ions are shown in magenta. The horizontal green line represents

reproducible; however, the uncertainty in the conformation he plane defined by the lipid phosphates. The best fit position
of the R1 side chain represents a significant source of error.corresponds to successive Euler angle rotations fotptteaxis),
While the first two dihedral angles for R1 are relatively well 6 (x'-axis), andy (z-axis) of 323, 337, and 160, respectively,
defined, the third dihedral angle may have orientations of and a displacement of structure along thaxis of ~18.4 A. These

; _ i . : rotations and displacement are carried out using the center-of-mass
either+90° or —90° (1, 49); in addition, rotation about X of the protein on the local coordinate frame defined by the PDB

adds a distance variation of approximately 3 A. When the file, where the bilayer phosphates lie in thez plane. Two views
spin labels are directed either toward or away from the differing by a 90 rotation about the bilayer normal are shown. (B)

bilayer (within the constraints discussed previousig)), Previously published position for the cPLA2 C2 doma8)( Two

X3 = +90° provides the best fit. As discussed previously, views differing by a 90 rotation about the bilayer normal are
ot%er sourcgs of error include the exact form forpe 2 andyin shown. (C) Backbone rendering of the synaptotagmin | C2A domain
a (PDB code 1BYN) docked to a dynamically simulated POPC

the membrane bound conformation of synICZz8)( bilayer 63—55). The bilayer simulation was performed in the
Figure 6A shows the orientation and position of the absence of protein.

synaptotagmin C2A domain at the POPC:POPS interface that

is obtained from the fit in Figure 5. In this orientation, side 2 penetrate into the membrane as defined by the average

chains from both loops 1 and 3 are inserted into the bilayer position of the phosphates. All three calcium ions reside near

with the backbone of loop 3 inserted approximately 5 A the lipid phosphates. Two of the three?Céons lie a few A

below the level of the phosphates. The backbone of loop 1 on the aqueous side of the plane defined by the phosphates

is positioned so that it resides close to the level of the lipid with the third C&" site localized very close to the lipid

phosphates. Neither the side chains nor the backbone of loogphosphates. Thg-sandwich region of the domain is tilted
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from thex—z plane so that strands 4 and 8 make angles of (56—59). In this case, these peptides reside several A off
approximately 20 and 50 with respect to the membrane the membrane interface, a position which is assumed because
interface, respectively. In the other dimension, fhsand- of the balance between a short-range desolvation energy and
wich region is roughly aligned along the-y plane. From a long-range electrostatic attractiod, 67—61). Although

the uncertainty in the experimental data, the side chain long-range electrostatic interactions may be a major factor
orientations and the fit, we believe that the uncertainty in in determining the Cd-dependent binding of synIC2A, the

the placement of the C2A along the bilayer normatBA, interaction of synlC2A is not purely electrostatic, and a
and the uncertainty in the Euler angles defining its orientation number of residues within loops 1 and 3 make hydrophobic
is +£5°. contact with the bilayer.

In addition to electrostatic and hydrophobic interactions,
DISCUSSION Ca* coordination appears to contribute to membrane bind-

ing. The third calcium ion that binds to synIC2A was shown
to generate a model for the orientation and depth of previously to have only 5 coordinating ligands in solution

) . | (36, 62), thus having an incomplete coordination sphere. It
penetration of the synaptotagmin C2A domain when boun(_d has been proposed that a phosphate from the lipid might be

t% membrlgnes c60cr:np|osed OtL POPCd:IT?PtSH 'I;h|sd B}Ode' Sthe sixth ligand, filling the coordination sphere around the
shown In Figure 6% along with a model for the ipid bIayer iy caicium ion in synlC2A§2). This coordination could

produced from an independent molecular dynamics simula- account for the increased Eaaffinity that is observed u
; - -~ . ; pon
tion (53—55). The model indicates that side chains from both membrane binding3, 33). The orientation obtained here

IOOPS 1 and 3 of this d(_)main penetrate the _bilayer wh_il_e for synIC2A (Figure 6A,C) places this third €aion at the
residues from loop 2 reside on the aqueous side of the lipid level of the lipid phosphates; thus, it is in an ideal position
phosphates. Of the three €abinding loops, the backbones to interact with the lipid phosphates

c_)flloops 1 and 3 l'ef at or on the hydrocarbon side of t.he Previous work indicates that the structure of synIlC2A is
lipid ph_osphates, with the backbone of loop 3 penetrating not altered in the presence of €436, 62) but the domain
g?pr:i%)g;ﬁr@ tﬁeﬁ;h?:éovc\; aﬂ;gnlse\i/gén?i%ézeinp?ﬁjphr:a:ﬁs' appears to become stabilized. The EPR spectra at a number
regolution lil/MR structure lie at or a few A on the aqSeous of Ioop sites are con;istent with .this result gnd 'indicate that
side of the lipid phosphates there is a loss of motional averaging of the nitroxide spectrum
, SO _upon C&" binding (Figure 4). As indicated above (see

A comparison of the orientation for the synaptotagmin Regyits), the decrease in motion appears to be due to a change
C2A domain with that obtained recently for the C2 domain i, hackbone motion and could result from a reduction in the
from cPLAZ is shown in panels A and B, respectively, of 5mpjitude of backbone fluctuations upon 2€abinding.
Figure 6 €8). The orientations of thg-sheet regions of these  gpeciral changes also occur upon membrane binding for sites
two domains on the membrane interface are similar; however,ihat are localized near or within the bilayer, and indicate
compared to the synIC2A domain, which sites along¢hg that membrane binding is associated with a further loss of
plane, the cPLA2 domain is tilted from the-y plane by  gjge chain or backbone motion. Thus, in addition to
about 30. In addition, the cPLA2 C2 domain is more deeply  g|ecrostatic interactions, the hydrophobic effect, andCa
buried in the bilayer by 57 A. One R1 side chain in the  ¢5ordination, protein conformational entropy must make

cPLA2 C2 domain lies approximately 15 A below the level some contribution to the Gadependent binding free energy
of the lipid phosphates, whereas the deepest R1 side chainy¢ syniC2A.

for synIC2A is inserted about-56 A. In addition, the two

In the present work, site-directed spin labeling was used

AT : e The model presented here demonstrates the value of SDSL.
Cat"-binding sites on the cPLA2 C2 domain lie below the  thig approach provides distance constraints between the

level of the lipid phosphates, whereas the threé"Gans bilayer surface and specific residues in synIC2A and allows
on synIC2A lie near or on the aqueous side of the phosphatesy,~in orientation and depth to be determined. SDSL is a

Thus, the cPLA2 C2 domain experiences a higher degree ofggnitive technique, it is not limited by molecular weight,

desolvation upon membrane binding than does synlC2A. 514 it can be applied to a wide-range of membrane interacting
The differences seen in Figure 6 for these two domains domains. The data we obtain are consistent with other
are generally consistent with the expectations of electrostaticspectroscopic and biophysical characterizations of synlC2A
modeling 87). It has been proposed that the’Galependent  put provide information that is not easily obtained using these
binding of C2 domains may occur by regulating long-range other methods. For example, NMR chemical shift changes
Coulombic interactions or by reducing the desolvation have been used to indicate the presence of lipid binding
penalty for inserting the domain into the bilayer. Furthermore, regions on synlC2A when bound to micelles. In particular,
recent electrostatic modeling indicates that the membranethe NMR data suggest that membrane binding is localized
binding of synIC2A should be regulated largely by long- primarily to loops 2 and 3 of the synIC2A domai24j. The
range Coulombic interactions whereas the cPLA2 C2 domain results obtained here indicate that while the backbone of loop
binding should be regulated by desolvatiod7)( As a 2 is close to the bilayer, it does not actually penetrate below
consequence, synIC2A should not reside as deeply in thethe level of the lipid phosphates. Instead, side chains from
bilayer as the cPLA2 C2 domain and indeed the data Obtained|oop 1 appear to penetrate below the lipid phosphates.
here indicates that this is the case. Fluorescence spectroscopy on site-directed tryptophan resi-
Interactions between proteins and the membrane interfacedues has been used to examine the membrane interaction of
that arise entirely from long-range Coulombic forces have synlC2A @31). These data indicate that residues within the
been observed for certain model peptides or protein-derivedthird C&*-binding loop contact the bilayer, and the data place
peptides, such as pentalysine or the N-terminal end of srcsite 234 deeper in the bilayer than site 231. This result is
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consistent with the data presented here, although the EPR 9.

data do not place spin labels at these sites as deep in the
bilayer. Photoaffinity labeling with TID has been used to
examine C2 domains, and the data show strong labeling of
the cPLA2 C2 domain when membrane bound, indicating
that it penetrates the bilayer and interacts hydrophobically.
Only trace labeling of synIC2A by TID is found when this
domain is bound to bilayer29). Qualitatively, this result

is consistent with the results obtained here, where the cPLA2
C2 domain is observed to penetrate more deeply into the
bilayer than synIC2A. However, the placement of synIC2A
shown in Figure 6A clearly indicates that this domain does
interact hydrophobically with the bilayer and that its interac-
tion includes more than an electrostatic component.

As indicated above, synaptotagmin plays a role in mem-
brane fusion and apparently serves as the primaty €msor
for regulated exocytosis in neuronks]. There is evidence
that synaptotagmin binds to proteins that form the SNARE
complex; for example, synaptotagmin is reported to bind to
the region on syntaxin that forms a link between the helical
SNARE bundle and the transmembrane dom&a—67).
Recent work indicates this portion of syntaxin is localized
within the membrane-solution interfacég 69); thus, it is
ideally positioned to interact with membrane-bound synap-
totagmin. The binding of the C2A domain at the membrane
interface may increase the effective local concentration of
synaptotagmin near syntaxin thereby facilitating interactions
between these proteins.

In summary, site-directed spin labeling has been used to
examine the membrane orientation and penetration of the
C2A domain from synaptotamin I. The data indicate that
side chains from the first and third &abinding loops
penetrate below the level of the lipid phosphates with the
backbone and side chains of the secondt@dnding loop

residing on the aqueous side of the membrane. Compared 29.
30.

to the C2 domain from cPLA2, the synaptotagmin | C2A
domain does not penetrate as deeply into the bilayer and its
equilibrium position is translocated—% A toward the

biophysical studies and computational work on these do-
mains, and the results indicate that several forces, including
electrostatic, hydrophobic, and entropic, contribute to the
Ca&*-dependent binding of these domains.
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