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ABSTRACT: Site-directed spin labeling is used to determine the orientation and depth of insertion of the
second C2 domain from synaptotagmin | (C2B) into membrane vesicles composed of phosphatidylcholine
(PC) and phosphatidylserine (PS). EPR line shapes of spin-labeled mutants located with thin@iag

loops of C2B broaden in the presence ofCand PC/PS vesicles, indicating that these loops undergo a
Ca&*-dependent insertion into the membrane interface. Power saturation of the EPR spectra provides a
position for each spin-labeled site along the bilayer normal, and these EPR-derived distance constraints,
along with a high-resolution structure of the C2B domain, are used to generate a model for the domain
orientation and position at the membrane interface. Our data show that the isolated C2B domain from
synaptotagmin | penetrates PC/PS membranes, and that the backborfe-bir@ing loops 1 and 3 is
inserted below the level of a plane defined by the lipid phosphates. The side chains of several loop residues
are within the bilayer interior, and both &abinding sites are positioned near a plane defined by the
lipid phosphates. A TH-based fluorescence assay is used to compare the membrane affinity of the C2B
domain to that of the first synaptotagmin C2 domain (C2A). Both C2A and C2B bind PC/PS (75:25)
membrane vesicles with a micromolar lipid affinity in the presence of metal ion. These results indicate
that C2A and C2B have a similar membrane affinity and position when bound to PC/PS (75:25) membrane
vesicles. EPR spectroscopy indicates that the C2B domain has different interactions with PC/PS membranes
containing 1 mol % phosphatidylinositol 4,5-bisphosphate.

In the central nervous system, neurotransmission and SNAREs do not directly bind C&, and there is substantial
intercellular information flow are dependent upon regulated evidence that the Ca-dependent trigger in this process is
membrane fusion. Fusion in these cells is a tightly coordi- synaptotagmin |, a synaptic vesicle-associated membrane
nated, C&'-triggered process that is facilitated by a large protein that contains two C2 domains (for reviews, see refs
number of protein components. The SNAREotein com- 1 and 2). Synaptotagmin | is a 421-amino acid, 47 kDa
plex is a four-helix bundle that tethers the synaptic vesicle protein that is anchored to the synaptic vesicle membrane
to the presynaptic membrane, and the assembly of thisby a single transmembrane helical segment near its N-
complex is essential to the fusion event. However, the terminus. The two C2 domains of synaptotagmin | (termed

C2A and C2B) are C-terminal to this membrane helical
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weaker affinity for PC/PS membranex3|. The C2A domain

has been shown to penetrate lipid bilayers formed from PC
and PS, but fluorescent labels placed within the first and
third C&*-binding loops indicate that the isolated C2B
domain does not penetrate membranes containing PC and
PS. On the other hand, the isolated C2B has been reported
to bind and penetrate membranes containing PC and phos-
phatidylinositol 4,5-bisphosphate [PI(4,5)Pwhereas iso-
lated C2A does not24).

In this report, both the membrane affinity and orientation
of the isolated synaptotagmin | C2B domain (residues-249
421 of rat sytl) on PC/PS hilayers are examined. AFb
based fluorescence assay is used to show that C2B binds to
membranes composed of PC and PS with an affinity
comparable to that of C2A. SDSL and EPR spectroscopy
are also used to determine the orientation and position of
the C2B domain on the membrane interface. C2B is found
to penetrate the bilayer interface and to assume an orientation
and depth with respect to the interface similar to those of
C2A. Within experimental error, the €abinding sites in

L3 C2B lie at approximately the same depth in the membrane
L1 1367 interface as those of C2A. Thus, C2A and C2B interact in a

Ficure 1: Average structure of the synaptotagmin | C2B domain similar manner with PC/PS membrane surfaces.

obtained by high-resolution NMR (PDB entry 1KW5)3). The
three loops on one end of the domain that form thé &anding EXPERIMENTAL PROCEDURES

sites are labeled (L:2L3) along with two bound Cd ions. Also Materials. 1-Palmitoyl-2-oleoylsn-glycero-3-phosphocho-
shown isf-strand 4, which contains a number of positively charged |ine (POPC), 1-palmitoyl-2-oleoydnglycero-3-phospho-

side chains and is termed the polybasic strand. The C-terminal helix . . .; 1 . i
of C2B lies near this polybasic strand. The. @ositions that are serine (POPS), and phosphatidylinositol 4,5-bisphosphate

derivatized with spin-labels in this study are shown along the [P1(4,5)P] were obtained from Avanti Polar Lipids, Inc.
backbone of the domain. The tryptophan at position 404 was used(Birmingham, AL). The sulfhydryl reactive spin-label, (1-
to probe binding of TH" to the C&* sites through energy transfer.  oxyl-2,2,5,5-tetramethyiA3-pyrroline-3-methyl) methaneth-
iosulfonate (MTSL), was purchased from Toronto Research
The C#&*-dependent membrane binding properties of both Chemicals, Inc. (North Fork, ON). The paramagnetic reagent,
the synaptotagmin | C2A and C2B domains have been nickel(ll) ethylenediaminé,N'-diacetic acid (NIEDDA), was
studied. The C2A domain binds membrane surfaces com-synthesized as described previous¥p)( GSTrap FF pre-
posed of phosphatidylcholine (PC) and phosphatidylserine packed columns, benzamidine prepacked columns, the
(PS) in a C&"-dependent manner with a micromolar lipid HiPrep desalting column, HiTrap Q HP columns, and
dissociation constaniL(, 16). When membrane-bound, this thrombin protease were purchased from Amersham Bio-
domain penetrates the membrane interface, and EPR specsciences (Piscataway, NJ). High-fidelity Vent DNA poly-
troscopy places the polypeptide backbone of both the first merase and all restriction endonucleases were obtained from
and third C&™-binding loops in contact with the membrane New England Biolabs (Beverly, MA). Benzonase nuclease
interface so that several side chains from loop residues projectwas purchased from Novagen (San Diego, CA).

into the bilayer interior 16). The membrane binding proper-  Buffers The buffers used included the following: PBS
ties of C2B have been more difficult to establish. Earlier (phospha‘[e_buﬁered Sa”ne), Consisting of 10 mMm’
work on C2B indicated that it did not function in &a 2.7 mM KClI, 1.8 mM KHPQ,, and 140 mM NaCl (pH 7.3);
dependent membrane binding, but instead was involved inresuspension buffer, consisting of PBS, 5 mM EDTA, 0.5
mediating proteir-protein interactions1(1, 19). However, mM AEBSF, 100uM leupeptin, 50 units/mL aprotinin, 1%
this lack of membrane binding was due to a nucleic acid henzonase, and 2% Triton X-100; wash buffer, consisting
contaminant that accompanied bacterial expression andof PBS, 1% Triton X-100, and 2 mM EDTA; prep buffer,
purification @0). Once this contaminant was removed by consisting of 150 mM NaCl and 50 mM Tris Base (pH 8.4);
an additional purification step, the isolated C2B domain was cleavage buffer, consisting of 150 mM NacCl, 4.0 mM GaCl
found to bind PC/PS membranes in a?Gdependent  and 50 mM Tris Base (pH 8.4); elution buffer, consisting of
fashion. 750 mM NacCl, 25 mM EDTA, and 50 mM Tris Base (pH
Many proteins that are involved in membrane trafficking, 8.4); QA buffer, consisting of 150 or 50 mM KCI, 50 mM
such as the copines or tricalbins, appear to have multiple MOPS, and 5 mM EDTA (pH 7.2); QB buffer, consisting
C2 domains?1, 22). However, the function and role of these  of 800 mM KCI, 50 mM MOPS, and 5 mM EDTA (pH 7.2);
multiple domains are not understood. For synaptotagmin, and EPR buffer, consisting of 1 mM CaC100 mM Nacl,
recent work suggests that C2A and C2B may be specializedand 50 mM HEPES (pH 7.2). Buffers used for fluorescence
to bind to different membrane composition&3). For binding measurements were decalcified by passage of the
example, the C2A domain expressed alone binds to PC/PS2x buffer [4 mM MOPS and 200 mM KCI (pH 7.5)] over
membranes with a micromolar lipid affinity, while the C2B a Chelex column before dilution. Terbium chloride hexahy-
domain expressed alone has been reported to have a mucHrate (Molecular Probes, Inc., Eugene, OR), a stable hydrate,
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was prepared gravimetrically and hydrated in decalcified cantly less than 278 nm (typically between 260 and 270 nm).
buffer. The C2B domain contains a highly charged polybasic region
Site-Directed MutagenesisThe DNA of rat sytiC2B  (see Figure 1) that appears to be responsible for binding
(P21707), in vector pGEX-KG26) encoding amino acid  Ppolynucleotides Z0). To remove this contaminant, the
residues 249421, was provided by C. Creutz (Department affinity-purified protein was first incubated with benzonase
of Pharmacology, University of Virginia). All DNA modi-  overnight at 4°C to cleave the nucleic acid contaminant.
fications followed published protocols27). The single ~ Anion exchange chromatography was then performed to
cysteine residue at position 277 was removed by typical separate the contaminant from C2B. Following benzonase
polymerase chain reaction (PCR) strategies, and a two-stegreatment, the protein was concentrated, buffer exchanged
PCR method was used to generate eight single-cysteineinto QA buffer, loaded onto four HiTrap Q HP prepacked 5
mutants of C2B. Individual cysteine residues were introduced ML columns in a series, and eluted with a gradient from 50
at positions 304 and 305 (in €abinding loop 1), 334 (loop ~ to 800 mM KClI (using QB buffer) over 4 column volumes.
2), 367, 368, 369, and 370 (in loop 3), and 415 in the Following anion exchange, C2B had an absorbance maxi-
C-terminalo-helix (see Figure 1). All cysteine substitutions mum of 278 nm, indicating that the protein was largely free
were confirmed by DNA sequencing. of nucleic acid contaminan®2(). The protein was buffer
Protein Expression and Purificatiomhe synaptotagmin ~ €xchanged into 0.5 mM ammonium bicarbonate, vacuum
| C2B domain was expressed and purified using a glutathione desiccated, and stored &20 °C.
Stransferase fusion protein. To express the fusion protein, Spin Labeling sytiC2BTo spin-label the single-cysteine
the mutant plasmids for sytiC2B were transformed into mutants, the protein was suspended in 1.5 mL of EPR buffer,
BL21(DE3)pLysS cells, and single colonies were used to and DTT was added at a DTT:protein mole ratio of 3:1. The
inoculate 100 mL precultures of Luria-Bertani (LB) medium methanethiosulfonate spin-label (MTSL) (see Scheme 1) was

containing 50 mg/L ampicillin, which were grown for
approximatet 8 h at 37°C. The preculture was used to
inoculate a 900 mL culture of LB medium in a 2.8 L
Fernbach flask, with 50 mg/L ampicillin, which was grown
at 37°C until an OQyoo of 0.6—0.8 was reached. Expression
was induced with 0.1 mM isopropyi-p-thiogalactopyra-
noside, and growth was allowed to proceed fei64h at 20
°C with vigorous shaking. The cells were collected by
centrifugation at 950§ for 20 min at 4°C, and the pellet

then added at a MTSL:DTT mole ratio of 10:1, and the
mixture was gently mixed and stored without stirring in the
dark at room temperature for 2 h. Excess spin-label was
removed by passing the sample through a HiPrep 16/10
desalting column, and the protein was concentrated using a
Centricon YM-10 ultrafiltration membrane (Millipore, Bil-
lerica, MA).

Large Unilamellar VesiclesLarge unilamellar vesicles
(LUVs) were prepared with a POPC:POPS ratio of 75:25 as

was solubilized in resuspension buffer, lysed using a Frenchdescribed previouslyl@). Briefly, the appropriate aliquots

press, and centrifuged at 15@Dfbr 10 min at 4°C. The
clarified supernatant was preserved &4 for up to 1 week.

The fusion protein containing the sytiIC2B domain was
affinity purified from the clarified supernatant by chroma-

of lipids in either chloroform or chloroform and methanol
were mixed; the solvent was removed by rotary evaporation,
and the sample was vacuum desiccated overnight. The
resulting film was hydrated in buffer without €afor 1 h,

tography on GSTrap FF prepacked columns using an AKTA Vortexed thoroughly, and extruded through a frth pore
Prime system (Amersham Biosciences, Piscataway, NJ). Thediameter polycarbonate filter using a hand-held Mini-

clarified sytIC2B was filtered with a 0.22m syringe filter,

added to the column, washed several times with wash buffer,

and equilibrated with prep buffer. To remove the C2B
domain from the column, the bound GST fusion protein was
cleaved by adding thrombin in cleavage buffer. The column
was allowed to incubate overnight at°€, and the C2B
domain was eluted from the column using elution buffer.
The protein purity and identity were confirmed by SBS
PAGE (Bio-Rad, Hercules, CA). The molecular mass for
sytIC2B was approximately 20 kDa, consisting of synap-
totagmin residues 24921 and 13 additional residues from
the pGEX vector on the N-terminus.

At this stage, the affinity-purified C2B domain contains a
bound nucleic acid contaminant, which is indicated by an
optical absorbance maximum for the protein that is signifi-

Extruder (Avanti Polar Lipids).

Fluorescence Estimates of C2B Domain Metal lon and
Membrane Affinity The affinity of metal ion for the C2B
domain was estimated by assessing the binding &f T
C&" analogue with an ionic radius similar to that of?Ca
but a charge density higher than that of?CaPreviously,
this method produced metal ion and membrane binding
affinities for sytIC2A that were consistent with previously
published resultsl). In addition, the EPR spectra of spin-
labeled C2A mutants in the presence of membranes were
identical whether terbium or calcium ions were used to
induce binding.

When bound to the protein, ¥hmay act as an acceptor
of fluorescence energy from aromatic amino ac30).

To assess hinding of Phto the C2B domain, the protein is
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excited at 295 nm and the fluorescence of the single
tryptophan at position 404 is monitored at 337 nm. The
binding of TB*' results in a decrease in the typtophan
fluorescence. This decrease in emission intendify, as a
function of the TB™ concentration was normalized to yield
the fraction of metal ion sites bounfj, and the data were
fit to the following expression:

_ AF _ ([To¥YKY"
AFma 14 ([TO¥ /K"

f, )

where AFqax represents the maximal fluorescence change,
n is the Hill coefficient, andKy is the apparent dissociation
constant for binding of TH to sytIC2B. The presence of
lipid increased the affinity of protein for the terbium ion.
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Continuous-wave power saturation measurements were
performed as described elsewheté)( From these experi-
ments, a collision parameter for,@1°v) and a collision
parameter for NIEDDA [INEPPA) were determined3@). A
depth parameterd, was then calculated using the following

expression:
_ HOXy

= ln(HNiEDDA 3)
To provide quantitative estimates of nitroxide side chain
motion, EPR spectra were simulated using the microscopic-
order, macroscopic-disorder (MOMD) model developed by
Freed and co-workers implemented in NLSB4). As
described elsewhere, the nitroxide R1 motion is constrained

This can be detected as a loss of protein fluorescence at lowe@n protein surfaces and can be described by tii¥=4nodel
cation concentrations and consequently a lower apparentfor R1 side chain motion3Q). For these simulations, the

dissociation constanig. The Hill coefficient for cation bind-
ing was unchanged in the presence or absence of [gid (
The membrane affinities of C2A and C2B were compared

principle values of the hyperfine tens@rwere setto 6 G
(A andAyy) and 37 G Ay, and 2.0076ds,), 2.0050 §y,),
and 2.0023d;,, were used for thg tensor. The molecular

by measuring the tryptophan fluorescence of each domainframe of the nitroxide was displaced from the diffusion frame

as a function of lipid concentration in the presence of
subsaturating concentrations of3TbThe decrease in tryp-

by tilt angles of 36.2 (fp) and 4.0 (ap). In the MOMD
model, an isotropic correlation time;, was used with an

tophan fluorescence with increasing concentrations of POPC/order parametef, which defines a simple axially symmetric

POPS (75:25) LUVs is a result of ¥ and membrane
binding, and the data were fit to the simple hyperbolic
function given in eq 2 to yield an apparent reciprocal molar
lipid affinity, K, as described previouslB1).

akJL]

T 1K 2)

where [L] is the concentration of accessible lipfds the
fraction of C2 domain bound to the membrane, anid a
scaling factor.

restoring potential used in the simulatid®F —/,(3 cog 0
— 1), wheref is the average angle between the protein fixed
director and the-axis of the diffusion tensor].

Modeling the Orientation and Position of the sytIC2B
Domain. A model for the orientation and position of the
synaptotagmin | C2B domain was generated from the EPR
depth parameters using an approach described previdisly (
16). Briefly, the averaged high-resolution NMR structure
(PDB entry 1K5W) 3) with spin-labels attached was rotated
through three Euler angles and translocated along the normal
to a plane representing the level of the lipid phosphates until

Fluorescence measurements were taken at ambient tema best fit was obtained with the experimentally determined

perature on a Jobin Yvon-Spex Fluorolog-3 model FL3
instrument (with both single, single and double, double

depth parametersi( values), depth calibration points, and
an empirical form for the depth parameter(eq 4). For the

excitation and emission monochromators), and the lamp- modeling, the spin-labels were appended to the high-
corrected emission spectra were collected. A Teflon-cappedresolution structure of C2B and placed into likely configura-
300 L minifluorimeter sample cell was used (McCarthy tions based upon crystallographic studies of the R1 side chain
Scientific, Fullerton, CA) with continuous stirring, and 15 (36). In this configuration, the first, second, and third dihedral
min incubations allowed between titration points. A narrow angles are in g+, g+, g— conformation, except for residue
emission band-pass filter was selected, and the excitation370, which was placed in @+, t, g— configuration due to
wavelength was tuned to tryptophan to minimize photo- steric constraints. A set of coordinates for the nitrogen atoms
bleaching. Concentrations of C2B were determined using aon the R1 side chain was then generated, and used for the
Bradford assay. modeling?

EPR SpectroscopyfEPR spectra were recorded at room |t was previously shown that the dependencebofipon
temperature using a Varian E-line Centuries series spec-depth has the following empirical behavior:
trometer fitted with a microwave preamplifier and an X-band
loop-gap resonator (Medical Advances, Milwaukee, WI).
Protein sample concentrations for EPR spectroscopy typically
ranged from 20 to 30@M, and the stock solution LUVs
were diluted and used at a lipid concentration of-80 mM
to ensure complete membrane binding and low surface 2The modeling procedure that is used to orient the C2 domain on
densities of the protein. From the peak-to-peak line width the membrane interface places the label in a likely but static config-
of the EPR central resonanas, the scaled mobilyM;,  L1e6cn and reas e proten as a iid body, However, nether the
for the nitroxide was determined from the relatidg= (6* from nanosecond time scale motion of the protein backbone and
= 0 H/(Om™t — 0i™Y) (32). Here o, and d; represent the  torsional oscillations about the fourth and fifth bonds linking the
line widths of the most mobile and least mobile R1 side nitroxide to the peptide backbong&5). As a result, the distance

; ; ; ; estimates used for this modeling represent average depths of the
chains, respectively, generally observed in proteins, and nitroxide in the bilayer. The error estimates of the sytlIC2B depth and
values _Of 2.1 and 84 G were taken for, and orientation produced by this model include the uncertainty in the
respectively.

average nitroxide position in the static structure.

® = AtanhB(x — C)] + D (4)

wherex represents the distance of the label from the lipid
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FiGURE 2: Tb*' ion binding determined by the quenching of tryptophan fluorescence. Plot of fraction of bound vs free metal ion binding
sites where the data are corrected for two cations bound at saturation. (A) Binding'ofoT®2B in aqueous solutior®) where the fit

(solid line) using eq 1 yields K4 of 38 uM. (B) Binding of Tk** to C2B in the presence of 5M POPC/POPS (75:25) LUVsa() where

the fit (solid line) yields &gy of 5 uM. Concentrations of sytIC2B used were approximately 300 nM. The fits using the Hill approximation
(eq 1) yielded a Hill coefficient o1, consistent with cooperative binding of cation by protein. (C) Membrane binding of C2A as a
function of lipid concentration@) [POPC/POPS (75:25) LUVs]. The fit (solid line) to eq 2 yields a lipid binding affititgf 3.7 x 10°

M~L (D) Membrane binding of C2B as a function of lipid concentratia) [POPC/POPS (75:25) LUVs]. The fit to eq 2 yield&af 1.7

x 1P ML,

phosphates (positive values fire inside the bilayer) and  used to remove the bacterial nucleic acid contaminant, and
A—D are constantsl§, 16). The values oA andD set the the membrane binding of our purified C2B was tested using
bulk values of® in water and hydrocarborG determines  a Tl**-based assayl6, 31). Shown in panels A and B of
the position of the reflection point of the curve, aBd  Figure 2 are titrations of the fraction of Thsites bound as
determines the slope of the curve. The position and orienta-3 function of the free metal ion concentration. The data in
tion of the domain were varied along with the quantifi®s  panels A and B of Figure 2 were obtained from the decrease
— A B, andCof eq 4 to find the best fit between the sytlC2B i, protein fluorescence upon binding of 3bto wild-type
domain data and calibration points to the form of eq 4. The cop i the presence and absence of membranes, respectively.
depth calibration points included data obtained previously tha gata were fit to eq 1 (solid lines) and indicate that'Tb
for d_oxyl-labeled phosphatidylcholines_ (PC), bacteriorho- has aKgq of 38 uM for C2B in the absence of membranes
dopsin (bR), and the sytiC2A domairlg, 16). These and aKq of 5 uM in the presence of POPC/POPS (75:25)

calibration points provided values @ at known bilayer . —
d : : membranes. As discussed elsewhere, the metal affinities of
epths. Seven parameters were simultaneously varied to

generate a self-consistent model describing both the depththe binding sites_on C2 domains are enhanced upon
dependence ob and the location of the C2B domain in the membrane association, and the 7-fold enhancement3n Tb

; yaffinity observed here in the presence of membranes is a
the form of eq 4® data for sytIC2B, the calibration points, consequence of the membrane association of the doBBin (
the allowed configurations for the R1 side chain, and The lipid affinities of the synaptotagmin | C2B and C2A
geometrical constraints imposed by the solution structure of domains for POPC/POPS (75:25) membranes were compared

the sytIC2B domain. by titrating the C2 domain fluorescence with lipid vesicles
at subsaturating concentrations of metal ion. Shown in panels
RESULTS C and D of Figure 2 are plots of the fraction of protein bound

The SytIC2B Domain Binds with Micromolar Lipid Affinity to membrane vesicles and fits of the data to eq 2. These
to PC/PS BilayersBacterially expressed, affinity-purified data indicate that the C2B domain has an apparent molar
sytIC2B may contain a nucleic acid impurity, and in the binding affinity (K) of 1.7 x 10° M~%, while C2A has an
presence of this impurity, Cadependent membrane binding  affinity of 3.7 x 10° M~1. The data shown in Figure 2
of the isolated C2B domain is not observeéd); For our indicate that the C2B preparations used here exhibit a metal
studies with C2B, an ion exchange chromatography step wasion and membrane affinity comparable to those of the C2A
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Table 1: TB" Binding Affinity of Wild-Type and Mutant sytIC2B {\
in the Presence of POPC/POPS Membrane VeSicles /\
C2B domain Ky (uM)P C2B domain Kg (uM)P ] — S A _V304R1
wild-type 5+£0.1 G368R1 121 \/ V
V304R1 7.6+0.3 K369R1 6.9:0.4
G305R1 7.4£0.8 N370R1 6.9-0.2 A [\
T334R1 6.2+ 0.2 A415R1 8.6+ 0.4 T J ) _G305R1
1367R1 5.1+ 0.1 \// g =
aBinding was assessed (see Figure 2) in the presence of POPC/ ﬂ\(
POPS (75:25) LUVs at a lipid concentration of a®. P Ky is the il _ - T334R1
apparent dissociation constant for binding offTlo sytIC2 (see eq . = |~ TN\ :
1), and the value of was set to 1.26. v
domain. To determine whether additional metal ion or small _Jﬂ yARPA 1367R1
nonprotein contaminants might be influencing the results, T 7 \f v T
our C2B domain preparation was exhaustively dialyzed and \/
the titrations in Figure 2A and 2B repeated.®Tlbinding A
affinities identical to those obtained before dialysis were —\ )~
found in the absence and presence of membranes. A\/

C&**-Binding Loops of C2B Interact with the Membrane ,
Interface. A series of single-cysteine mutants of the C2B ] // A KsEeR1
domain were produced, purified, and chemically modified 4 v
to attach the R1 side chain. These spin-labels are located on
the exposed surface of the domain in or near the membrane | f o N370R1
binding loops. Each of the spin-labeled C2B domain mutants \Ca T
was tested to determine whether each was properly folded ﬁ
and bound membranes in a metal ion-dependent fashion A z = A415R1
using the fluorescence ¥hassay shown in Figure 2B. Table T \f ~ -
1is a list of theKq values (see eq 1) that were obtained for v
wild-type C2B and each mutant in the presence of POPC/ ) )
POPS (75:25) LUVs. The data indicate that each R1 mutant FIGURE 3: X-Band EPR spectra of spin-labeled sytiC2B domain
. . ._mutants recorded in aqueous solution in the presence?f(Black
IS TO!QEd and binds POPC/POF_)S membranes. The metal IonIines) and bound to POPC/POPS (75:25) vesicles (gray lines). The
affinities of these C2B mutants in the presence of membranesioss in intensity and broadening of the EPR spectra reflect a loss
vary by a factor of less than 3, and this is comparable to the of motional averaging upon membrane binding of the domain (see
range of affinities measured for a series of spin-labeled the text). Spectra are 100 G scans.
mutants in the sytIC2A domairl§). The fact that each of
these mutants is functional is consistent with the observation These line shapes can be simulated with somewhat longer
that R1 side chains, when placed on externally facing protein correlation times (1.52 ns) and a non-zero order parameter
sites, are not highly perturbin@T). (S0 ~ 0.3). This slower rate and improved ordering are

Shown in Figure 3 are EPR spectra from the eight R1- expected, because the label at these sites appears to be more
labeled C2B mutants in the presence of?Cawith and sterically constrained than at other loop sites in the high-
without membranes composed of POPC and POPS (75:25) resolution structure of C2B. The spectrum from the R1 side
These spectra have been normalized so that their amplitudeghain at position 415 within the C-terminal helix of C2B
provide an approximate measure of the dynamics of the spin-does not have an EPR spectrum typical of a labeled helix
label side chain (more mobile spin-labels have larger site 35, 39). It is more motionally averaged than expected
normalized amplitudes). In the absence of membranes, thefor R1 on a helix, and indicates that this C-terminal helix is
EPR spectra are consistent with the expected secondarynot well-ordered.
structure. In flexible loops that connect elements of secondary In the presence of a4 and membranes composed of
structure, the EPR line shapes from the R1 side chain arePOPC and POPS (75:25) (gray lines), the line widths increase
expected to be substantially motionally averageéd,(and and the amplitudes decrease for many of these EPR spectra,
the spectra in Figure 3 indicate that this is the case. Theindicating reduced motional averaging of the magnetic
EPR spectra from the R1 side chain at most loop sites, for interactions of R1. The most dramatic line shape changes
example, positions 304, 305, 367, and 369, have small line are observed for the spectra from V304R1 and G305R1 in
widths and large amplitudes in the absence of membranesjoop 1, and 1367R1 and K369R1 in loop 3, while the EPR
indicating that the R1 side chain is attached to a highly spectrum of T334R1 in loop 2 shows little change when
dynamic protein segment. Most of these spectra may bePOPC/POPS bilayers are present. These line shape changes
accurately simulated by a label hagim 1 nsisotropic are all reversed upon the removal of?Cdy addition of
correlation time and an order paramet&,, near zero, EDTA (data not shown). Although these changes in EPR
consistent with motion expected for a label attached to aline shape alone do not necessarily indicate membrane
highly flexible protein backbone3g). At a few loop sites, insertion of the label, similar line shape changes observed
for example, positions 368 and 370, the EPR spectra arefor other C2 domains upon membrane binding have been
broader and lower in amplitude than at the other loop sites. shown to result from membrane insertion of the R1 side chain
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AI I I I I I Table 2: Collision and Depth Parameters for sytl€2B
mutant T1ov JINEDDA ) mutant TIo% [INiEDDA )

V304R1 0.23 0.97 —-15 GS368R1 0.21 1.3 -18
G305R1 0.21 047 —-0.7 K369R1 0.17 1.7 -23
08 | T334R1 030 2.69 —22 N370R1 0.18 16 -—-2.2
I367R1  0.31 040 —-0.2 A415R1 0.26 24 22

a Collision data for the C2B domain bound to PC/PS (75:25) LUVs.

0.6 H The uncertainty in thdI° value is on the order of£0.05. The
§ uncertainty in[INEPPA s on the order of+0.4. Values of® are
determined from eq 3. The values @f for sites 334, 369, 370, and
0.4 2 415 are less thar2.0 and are close to the bulk agueous valuedfor
At positions greater tha5 A from the membrane surfac®, assumes
its bulk value and becomes insensitive to distance.

0.2
to 1, indicating that these labeled sites have some of the most
mobile EPR line shapes seen in proteins. In the presence of
0 ' i PC/PS bilayers (gray bars), the valued/fdecrease at most
sites, with the largest decreases for spin-labels within loops
1 and 3. The normalized intensity of the central EPR
resonance also provides a qualitative measure of the motion
of the R1 side chain, and in Figure 4B, the loss in intensity
o8 b i upon membrane binding is plotted for each C2B spin-label.
These data also indicate that the greatest decrease in motion
takes place for labels in €abinding loops 1 and 3 when
C2B binds POPC/POPS bilayers. The changes seen in the
scaled mobilities for the labeled loop sites upon membrane
binding have a pattern similar to those found previously for
the C2A domain of syntaptotagmin L§); however, the
values ofMs for the nitroxide labels on C2B appear to be
higher than the value of those attached to C2A. This may
indicate that the Cd-binding loops in C2B have greater
amplitudes or rates of motion compared to those in C2A.
The C&"-Binding Loops of C2B Penetrate the Membrane
Interface.Power saturation experiments were performed on
each of the spin-labeled mutants to obtain a depth parameter
® as described above (see Experimental Procedures). Shown
I in Table 2 are the collision parameters and the depth
Labeled Site parameters (eq 3) obtained for each of the R1-labeled C2B
FiGURE 4: (A) Scaled mobilitiesMs, determined from the spectra  domain mutants. These results show that four of the labeled
shown in Figure 3 usin@m and o; values of 2.1 and 8.4 G,  gjteg are near or within the lipid bilayer interface, and that
respectively. Thal; values indicate that the labeled loop sites of four of the labeled sites have values that are near the values
the sytIC2B domain are among the most mobile sites found in ) - ]
proteins. (B) Fractional changes in normalized amplitudes upon Obtained for sites in bulk aqueous phases.
membrane binding. The normalized intensity provides a qualitative ~ As described above (see Experimental Procedures), these
m?asnljlfe gfféhceo?pggogﬁé Stvf[%gfggs?;tgﬁ Sitsroé(ic?g if]\t\efﬁlsl}le fl?roln depth data were used together with calibration data from
menrﬁbrg(ﬁe binding. % value of 1 correspondspto the compltgte FI)oss doxyl-labeled P(.:S’ s_pln-label bacteriorhodopsin (bR), and
in normalized intensity upon binding. other protein calibration points to generate a model for the
C2B domain at the membrane interface. Shown in Figure 5
(15, 16). Thus, it is likely that the changes observed in Figure is a plot of the fit and the distance dependence of the depth
3 result from the binding of the C2B domain and insertion parameter obtained by modeling the orientation of the domain
of the spin-labeled side chain into the bilayer. It should be using the power saturation data shown in Table 2. The best
noted that the aqueous EPR line shapes of spin-labeled C2Hit parameters obtained for the depth dependenc® ¢éq
mutants are not altered by agents that increase solutiond) were 3.2, 0.11, 7.1, and 0.9 far-D, respectively. These
viscosity, such as Ficoll 400, indicating that a reduction in values, which define the form @b(x), are very close to the
the overall tumbling rate of C2B upon membrane binding is values obtained from a similar fit using the data and a
not responsible for the observed line broadening. molecular model for C2AX6).
Shown in Figure 4A are the scaled mobilitid4;, obtained Figure 6 shows two views of the model obtained for the
from EPR spectra in Figure 3 in the presence and absenceC2B domain which differ by a 90rotation about the
of POPC/POPS vesicles. The values Mf provide a membrane normal. Our EPR membrane-bound model indi-
qualitative measure of the motion of the nitroxide side chain cates that the backbone of Cabinding loops 1 and 3 of
(32), whereMg values of 0 and 1 correspond to the least and the domain is inserted into the bilayer interface, with the
most mobile EPR line shapes obtained from the R1 side chainbackbone of C&-binding loop 2 and the two Caion sites
in proteins, respectively. In the absence of membranes (blacklying close to a plane defined by the level of the lipid
bars), the scaled mobilities for most sites have values closephosphates.

305R1
334R1
367R1
368R1
369R1
370R1
415R1

w 304R1
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Ficure 5: Depth calibration curve showing the fit of eq 4 and the
dependence ab on position from the lipid phosphates. Thaxis ) »
values () for the sytIC2B data®) are experimentally determined ~ FIGURE 7: (A) Comparison of the EPR spectra for R1 at positions
values (Table 2), and theaxis values (distances) are generated 370 and 415 obtained for sytIC2B fully bound to membranes under
from the high-resolution solution structure of sytlC2B in its best tWo different sets of conditions: with €abound to POPC/POPS

fit position and orientation. Calibration points generated previously (79:25) LUVs (black lines) and with Ga bound to POPC/POPS/
from bacteriorhodopsiny), doxyl spin-labeled lipids®), and the PI(4,5)R (75:24:1) LUVs (gray lines). (B) Comparison of the EPR

sytIC2A domain ¢) (16) were used in the fit (see Experimental spectra obtained for R1 at positions 367 ?nq 369 withodt Ga
Procedures). aqueous solution (gray lines) and without?Cén the presence of

POPC/POPS/PI(4,5)P2 (75:24:1) LUVs (black lines).

binding, the fit obtained for most of the labeled sites to the
expected behavior 6b(x) (see Figure 5) should not be seen.
The conformation of the R1 side chain on the protein surface
is another source of error in this modeling approach. From
the crystal structures of the R1 label attached to T4 lysozyme
(36), it has been shown that the first two dihedral angles
from the backbone are well-defined, while the third dihedral
angle may be found with orientations of eithe®0° or —90°.
When rotations about Xwere explored, it was found that
+90° produces the best fit to the data (consistent with the
finding that this is the rotomeric state with the lowest energy).
Rotation about X can add an additional distance variation
of approximatef 3 A at any onesite. As a result of these

' e ' uncertainties, we estimate that the Euler angles defining the
Ficure 6: Orientation and position of the synaptotagmin | C2B  grientation of the domain are accurate to withii0° and

on POPC/POPS bilayers [the high-resolution NMR structure (PDB ; ; ;
entry 1IKW5) was used to produce this model]. The horizontal line that the depth of penetration of the domain at the interface

represents the plane defined by the lipid phosphates. The best fith@S an uncertainty of3 A
position corresponds to successive Euler angle rotationg {ar The EPR Spectra from Membrane-Bound SytIC2B Are

axis), 6 (x-axis), andy (Z-axis) of 188, 219, and 22, Altered by the Presence of PI(4,5)RAs indicated above,
respectively, and a displacement of structure alongxtagis of  the jsolated C2B domain of synaptotagmin has been reported

—19.8 A. These rotations and displacement are carried out using . .
the center of mass of the protein on the local coordinate frame to bind membranes containing Pl(4,5)&nd to assume a

defined by the PDB entry, where the bilayer phosphates lie in the different orientation on PC/PS bilayers when PI(4:5K>
y—zplane. Two views differing by a 90otation about the bilayer ~ present 23). Shown in Figure 7A are EPR spectra for two
normal are shown. The protein is shown docked to a bilayer (note spin-labeled C2B mutants when fully bound to membranes
the bilayer simulation was performed in the absence of protein) formed from either POPC and POPS (25:75) (gray lines) or
(42). POPC, POPS, and PI(4,5)P74:25:1) (black lines) in the
presence of Ca. The presence of Pl(4,5)Rlters the EPR

A number of sources of error are inherent in this modeling spectra from these labeled sites, and the line shapes at both
strategy. This approach treats the average NMR-derivedsites indicate that there is an enhanced motional averaging
structure as a rigid body and assumes that there are noof R1. One likely interpretation for the differences seen in
changes in structure upon membrane binding. The approachFigure 7A is that the interaction of C2B with the PC/PS
also assumes that eq 4 represents the correct form for thanterface is altered by the presence of Pl(4;.5)Rork is
depth dependence for the parametkr Both of these currently underway to measure depth parameters and produce
assumptions appear to be reasonable. Equation 4 works wela model for C2B bound to the interface of membranes
for two other membrane-penetrating domairis, (16), containing PI(4,5)R
suggesting that this dependence is appropriate. If large EPR Spectroscopy Indicates that C2B Binds Membranes
structural changes in C2B were taking place upon membraneContaining PI(4,5)R in the Absence of Ca. The sytIC2B
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c2B membrane affinity for POPC/POPS membranes comparable

to those observed for the C2A domain. C2B is observed to
have aKq for Th®" binding of 54 0.1 «M in the presence
of POPC and POPS (75:25); previously, fagfor C2A was
found to be 8t 2 uM in the presence of POPC and POPS
(75:25) (L6). As shown in Figure 2, the lipid binding affinities
(K) of C2A and C2B for POPC/POPS (75:25) membranes
were also found to be very similar, and this result is

| " consistent with previous measurements using either fluores-

*/

C2A

cence energy transfer or vesicle binding to the immobilized
C2 domain (3).

The results obtained here demonstrate that the isolated C2B
Ficure 8: Comparison of the membrane positions of sytiC2A and domain penetrates PC/PS bilayers, and this result contrasts
sytIC2B. The sytIC2A position was published previoudig)(Both  ith work indicating that the isolated C2B domain does not

domains interact through loops 1 and 3, and thé&"@an bindin . . .
sites for each domaing resid% at a similar depth in the b?layer penetrate significantly into POPC/POPS bilayers unless C2B

interface. The C2B domain has an orientation slightly different from iS €xpressed in tandem with the C2A doma28,(24). In
that of C2A. Theg-strands of the C2B domain make a smaller this earlier work, the fluorescent probe AEDANS was placed

angle with respect to the bilayer normal than those of C2A. at either position 304 or 367 (€abinding loop 1 or 3,
domain has been reported to bind to membranes containingrespectively) on the isolated C2B domain. The emission
PI(4,5)R in the absence of C&23), and EPR spectra spectrum from these probes failed to show changes in
obtained from spin-labeled sites on C2B are consistent with quantum yield or emission wavelength in the presence of
this finding. Figure 7B compares the EPR spectra of two Ca&*" and POPC/POPS membranes, and it was concluded that
spin-labeled C2B mutants without €aunder two condi-  these sites do not penetrate into the bilayer. In contrast, EPR
tions: in aqueous solution (gray line) and in the presence of spectra for both V304R1 and 1367R1 show changes in line
POPC/POPS/PI(4,5)F74:25:1) membrane vesicles (black shape characteristic of membrane association and have depth
line). At these two sites (which are both in loop 3), the EPR parameters indicating localization at or within the bilayer
line shapes indicate that there is a decrease in motionalinterface (Figure 3 and Table 2). Preliminary EPR data we
averaging of the R1 side chain in the presence of PI(4,5)P have obtained for C2B when expressed in tandem with C2A
containing membranes in the absence of'CHlo significant are qualitatively consistent with this previous fluorescence
changes in the EPR line shape are seen for labels in loop lwork and indicate that C2B penetrates more deeply into PC/
or 2, and no change in line shape takes place withodt Ca PS bilayers when it is attached to C2A (D. E. Zbell and
when POPC/POPS (75:25) membranes are added (data ndD. S. Cafiso, unpublished results).
shown). As indicated above, the changes in the EPR spectra Phosphatidylinositol 4,5-bisphosphate is a lipid that plays
at these exposed loop sites are most likely due to membranea critical role in fusion 40, 41); however, the exact molecular
association, and the simplest interpretation of the spectrarole of PI(4,5)R is not understood. Pl(4,5)Pmay have
shown in Figure 7B is that sites in loop 3 of C2B interact multiple roles in fusion as it interacts with many membrane
with POPC/POPS/PI(4,5)Amembranes in the absence of binding domains and protein components involved in fusion.
cat. Conceivably, PI(4,5)may function to alter the membrane
interactions made by synaptotagmin. For example, PI(4,5)-
DISCUSSION P, might target the attachment of synaptotagmin C2B to the
In the work described here, SDSL was used to determine plasma membrane surface, or it might trigger conformational
the position and orientation of the sytlC2B domain on changes in the C2 domains of synaptotagmin that mediate
membranes composed of POPC and POPS (75:25). Theits interactions with SNAREs.
model shown in Figure 6 indicates that®C#inding loops The results obtained here indicate that the C2A and C2B
1 and 3 penetrate the membrane interface with both" Ca domains of sytl have similar C&dependent interactions
ions localized near the plane of the lipid phosphates. A with phospholipid bilayers containing PC and PS; however,
comparison of the model produced here for the isolated C2B C2B appears to have alternate modes of binding to PC/PS
domain [sytl(249-421)] with that found previously for the  membranes containing Pl(4,5)®Vhen some of the labeled
isolated C2A domain [sytl(96265)] is shown in Figure 8.  sites are bound to PC and PS, with and without PI(4,5)P
On membrane surfaces composed of POPC and POPS (75changes in the EPR spectra are observed in the presence of
25), the two domains have similar interactions with the PI(4,5)R. These data (Figure 7A) indicate that PI(4.5)P
interface. Both domains interact with the bilayer through their alters the C&-dependent interactions of C2B with PC/PS
first and third C&"-binding loops, and both domains surfaces. The EPR spectra shown in Figure 7B suggest that
penetrate the bilayer to approximately the same extent, asC2B binds to POPC/POPS/PI(4,5)membranes in the
judged by the position of the €&binding loops and the  absence of Cd. Evidence for contact with the membrane
coordinated C& ions. Thef-strands of sytlIC2B have a interface is obtained from spin-labeled sites in loop 3, and
slightly different orientation with respect to the bilayer the interaction of this loop with the interface is consistent
normal than those of C2A. For examplg;strand 4 in with an orientation for C2B that would place the polybasic
sytIC2B is tilted approximately 30 closer to vertical region of the domain close to the membrane interface. This
compared to strand 4 of sytIC2A. is consistent with a recent report that the C2B domain binds
The TB* fluorescence measurements taken here (Figureto PC/PS/PI(4,5)Pmembranes in a C&independent fashion
2) indicate that the C2B domain has a metal ion and (23). We are at present making additional measurements to

Position of lipid phosphates
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confirm this interpretation and to determine the membrane- 14.

bound position of sytIC2B in membranes containing P1(4,5)-
P..

In summary, the affinity, orientation, and depth of 15.

membrane penetration of the isolated C2B domain of
synaptotagmin on membrane interfaces formed from POPC
and POPS have been determined. The C2B domain is found

to have a similar metal ion affinity in the presence of POPC/ 16.

POPS membranes as does the C2A domain. The C2B domain
penetrates the interface of POPC/POPS (75:25) membranes

so that the polypeptide backbones of?Ghinding loops 1 17.

and 3 are inserted into the bilayer. Cdinding loop 2 is

also positioned near the interface, and thé'@anding sites

on the domain reside near a plane defined by the level of 1g
the lipid phosphates. This orientation and position are similar

to that found for the sytIC2A domain, and indicate that C2A

and C2B interact similarly with POPC/POPS bilayers. 19
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