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Phosphatidylinositol 4,5-Bisphosphate Alters Synaptotagmin 1
Membrane Docking and Drives Opposing Bilayers Closer Together
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ABSTRACT: Synaptotagmin 1 (sytl) is a synaptic vesicle-
anchored membrane protein that acts as the calcium sensor for
the synchronous component of neuronal exocytosis. Using site-
directed spin labeling, the position and membrane interactions
of a fragment of sytl containing its two C2 domains
(syt1C2AB) were assessed in bilayers containing phosphatidyl-
choline (PC), phosphatidylserine (PS), and phosphatidylinosi-
tol 4,5-bisphosphate (PIP,). Addition of 1 mol % PIP, to a lipid
mixture of PC and PS results in a deeper membrane penetration

Lipid Phosphates

Lipid Phosphates

of the C2A domain and alters the orientation of the C2B domain so that the polybasic face of C2B comes into the proximity of the
bilayer interface. The C2B domain is found to contact the membrane interface in two regions, the Ca*-binding loops and a region
opposite the Ca>"-binding loops. This suggests that syt1C2AB is configured to bridge two bilayers and is consistent with a model
generated previously for syt1C2AB bound to membranes of PC and PS. Point-to-plane depth restraints, obtained by progressive
power saturation, and interdomain distance restraints, obtained by double electron—electron resonance, were obtained in the
presence of PIP, and used in a simulated annealing routine to dock sytlC2AB to two membrane interfaces. The results yield an
average structure different from what is found in the absence of PIP, and indicate that bilayer—bilayer spacing is decreased in the
presence of PIP,. The results indicate that PIP,, which is necessary for bilayer fusion, alters C2 domain orientation, enhances syt1—
membrane electrostatic interactions, and acts to drive vesicle and cytoplasmic membrane surfaces closer together.

n the central nervous system, neurotransmitter release is
Imediated by a tightly regulated Ca®'-triggered membrane
fusion event. The SNARE (soluble N-ethylmaleimide-sensitive
factor attachment protein receptor) proteins assemble into a
stable four-helix bundle and make up the central protein machin-
ery that drives this fusion process.' > The prevailing model for
SNARE activity, sometimes termed the SNARE hypothesis,
proposes that the assembly and folding of the SNARE proteins
(syntaxin, SNAP-2S, and synaptobrevin) in an N-terminal to
C-terminal direction drive fusion of the vesicle and plasma mem-
branes.’ However, a number of other proteins regulate and are
critical in this process, including CAPS, Munc18, complexin, and
synaptotagmin 1.57

In the neuronal system, there is strong evidence that synaptotag-
min 1 (sytl) acts as the Ca”" sensor for the synchronous com-
ponent of exocytosis. A transmembrane helical segment anchors syt1
to the synaptic vesicle, and it contains two cytoplasmic C2 domains,
termed C2A and C2B, that are C-terminal to the membrane anchor
(Figure 1). Both C2A and C2B bind Ca”" and penetrate membranes
containing negatively charged phospholipids in a Ca*"-dependent
manner.®” "> The C2B domain has a second weaker mode of binding
to both PC/PIP, and PC/PS bilayers that is Caer—independent.g’13
In addition to these membrane interactions, sytl is also reported to
interact with the SNARE complex;l’z"k14 however, the structure of
sytl when associated with the SNARE complex does not appear to
be well-defined, and sytl may sample multiple conformational
substates when bound to SNAREs."> "7
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At present, the mechanism by which syt1 regulates membrane
fusion has not been determined. Synaptotagmin 1 has been
reported to alter membrane curvature, and this activity might
promote the formation of a fusion stalk.'®'” The interactions of
sytl with the SNAREs could assist in driving SNARE assembly,
or these interactions might promote SNARE folding from an
intermediate metastable state.”® Synaptotagmin 1 also has the
ability to bridge bilayers. Several studies indicate that sytl
aggregates vesicles in a Ca®"-dependent manner,”"** and depth
and interdomain distance restraints obtained by site-directed
spin labeling (SDSL) can be satisfied only if C2A and C2B align
in an anti;)arallel manner so that C2A and C2B bind to opposing
bilayers.>

Electrostatic interactions play an important role in the mem-
brane binding activity of syt1. For example, the Ca**-dependent
membrane attachment of the sytl C2A domain is mediated by
Coulombic interactions with the negatively charged membrane
surface, which are switched on when Ca®" binds C2A.** Cou-
lombic interactions are also important in the membrane inter-
actions of C2B, and the Ca®"-independent binding of C2B to
membranes is mediated by a highly charged polybasic face on
C2B."* Two conserved arginine residues on C2B, which are
located opposite the Ca®>"-binding face, appear to be critical for
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Figure 1. (a) Synaptotagmin 1 is a vesicle-anchored protein containing
two C2 domains [C2A (yellow) and C2B (magenta)]. The membrane-
bound conformation of a soluble fragment of synaptotagmin 1 contain-
ing its two C2 domains, syt1C2AB, was determined in the presence of 1
mol % PIP,. The spheres represent Col atoms for positions that have
been derivatized with the spin-labeled side chain R1. (b) Spin-labeled
side chain R1 that is obtained via derivatization of a cysteine residue with
a methanethiosulfonate label.

membrane fusion and the ability of C2B to aggregate lipid
vesicles*” and for the attachment of this region to the membrane
interface.”’

The phosphorylated inositol lipid phosphatidylinositol 4,5-
bisphosphate [PI(4,5)P, or PIP,] is an essential signaling lipid
that is required for membrane fusion.”**” While PIP, levels
average ~1 mol % in the plasma membrane,”® PIP, can reach
levels of up to 6 mol % at sites of active exocytosis in PC12 cells.”
Because PIP, has a valence of approximately z = —4 at neutral
pH,*® PIP, likely makes a major contribution to the membrane
charge density during exocytosis. Moreover, because of the high
valence of this lipid, the discreteness of charge effects become
important and electrostatic interactions with proteins are en-
hanced relative to equivalent charge densities of monovalent
lipids such as PS.*® As a result, relatively low levels of PIP, might
be expected to have significant effects on the interactions made
by the syt1 C2 domains with bilayers. There are reports that PIP,
accelerates the membrane binding of the C2B domain and alters
the membrane binding mode of C2B.*"*

In this study, we made use of SDSL to examine the effect of
low levels of PIP, on the conformation of a fragment of sytl
containing its two C2 domains (syt1C2AB) when membrane-
associated in the presence of Ca®’. A number of sites in
syt1C2AB were derivatized with the spin-labeled side chain R1
(see Figure 1b), and a combination of continuous wave and pulse
EPR was used to obtain bilayer depth restraints and interdomain

distance restraints when syt1C2AB is bound to PC/PS/PIP,
bilayers. The results of a simulated annealing procedure using
these restraints can be satisfied only if syt1C2AB bridges two
bilayers, which was seen previously for membranes containing
PC and PS.** However, the addition of just 1 mol % PIP, to a
PC/PS mixture enhances the electrostatic interaction between
the C2B polybasic face and the membrane surface, producing a
change in the orientation of the C2B domain. The Ca**-binding
face of C2A penetrates more deeply into the lipid interface, and
the region opposite the Ca*"-binding loops of C2B maintains
contact with the bilayer interface. As a result, the model indicates
that low levels of PIP, help drive opposing bilayers that are
bridged by sytl closer together. The implications of this PIP,-
mediated structural change in sytl for membrane fusion are
discussed.

Bl MATERIALS AND METHODS

Mutagenesis, Protein Expression, and Purification. For the
cytosolic domain of rat sytl C2A (residues 96—265), C2B
(residues 249—421), and C2AB (residues 96—421) cysteine
mutants, DNA modification, protein expression, and purification
were conducted as previously described.'*** In brief, individual
cysteine residues were introduced at positions in the tandem
C2A, C2B, and C2AB domains using the QuickChange Site-
Directed Mutagenesis Kit (Stratagene, La Jolla, CA) or two-step
polymerase chain reaction (PCR), following published
protocols.®" All cysteine substitutions were confirmed by DNA
sequencing. The mutants were expressed and purified with GST
affinity and ion-exchange chromatography. For C2B and C2AB,
the purity of protein was confirmed with a UV spectrum to have
maximal absorption at 278 nm. The pure protein was treated with
EDTA to ensure it was free of Ca”", lyophilized in NH,HCOs,
and kept at —20 °C until it was labeled. Single-cysteine residues
256 of C2A, 415 of C2B, and 269 of C2AB were used for vesicle
sedimentation measurements; C2AB single cysteine mutants (at
positions 173, 174, 236, 283, 285, 304—306, 327, 368, 369, 395,
and 396) and double cysteine mutants (at positions 199 and 304,
199 and 332, 213 and 283, and 213 and 353) were used for EPR
experiments.

Liposome Preparations. 1-Palmitoyl-2-oleoyl-sn-glycero-3-
phosphatidylcholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphatidylserine (POPS), and vr-a-phosphatidylinositol
4,5-bisphosphate (ammonium salt) (PIP,) (Avanti Polar Lipids,
Alabaster, AL) were used to prepare large unilamellar vesicles
(74:25:1 or 70:25:5 POPC:POPS:PIP, molar ratio) with the
extrusion method. To produce evenly distributed PIP, mem-
branes, we took extra caution when preparing PIP,-containing
vesicles.>* Adequate amounts of POPC, POPS, and PIP, in
chloroform were mixed in a 50 mL round-bottom flask, which
was attached to a rotary evaporator and immersed in a 30—35 °C
water bath. The flask was rotated without vacuum for S min, and
then a maximal vacuum was slowly applied to dry the lipid
mixture. Additional chloroform could be added, and the drying
process could be repeated to yield an evenly coated lipid film on
the flask. The resulting lipid film was vacuum desiccated over-
night, rehydrated in either sucrose buffer [176 mM sucrose and
1 mM MOPS (pH 7.0)] or EPR buffer [100 mM NaCl and
20 mM HEPES (pH 7.4)], cycled through five freeze—thaw
cycles, and extruded through 0.1 #m polycarbonate filters using a
hand-held Mini-Extruder (Avanti Polar Lipids, Alabaster, AL).
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Fluorescence and Spin Labeling of syt1 C2 Domains.
Lyophilized sytl C2A, C2B, and C2AB domains were first
brought up in EPR buffer or salt buffer [100 mM KCI and
20 mM MOPS (pH 7.0)], then spin-labeled using methanethio-
sulfoate (MTSL) (Toronto Research Chemicals, Toronto, ON)
at a 1:3:30 protein:DTT:MTSL molar ratio, or fluorescence-
labeled using Bodipy-FL C1-IA (Invitrogen, Carlsbad, CA) at a
1:8:10 protein:TCEP:Bodipy-FL molar ratio. The excess spin-
labels and fluorescence labels were removed with a HiPrep
desalting column (GE Healthcare, Piscataway, NJ). The labeled
protein was concentrated to 20—300 M using an Amicon micro
concentrator (Millipore, Billerica, MA). Spin-labeled protein was
stored in EPR buffer where it was in a Ca*'-free state. For
sedimentation assays under Ca’'-free conditions, additional
1 mM EGTA was added to the protein samples. Additional
CaCl, (final concentration of 1 mM) was added to the samples
for the Ca®* condition in the EPR study.

EPR Spectroscopy. EPR spectra were recorded at room
temperature using a Varian E-line Century series spectrometer
fitted with a microwave preamplifier and an X-band loop gap
resonator (Medical Advances, Milwaukee, WI); 20—300 uM
aqueous sytl protein was mixed with POPC/POPS/PIP,
(75:25:1) LUVs (25 mM total lipid) for membrane-associated
spectra. Continuous wave (CW) power saturation experiments
were performed using a Bruker EMX spectrometer with a
dielectric resonator, and results were used to calculate a depth
parameter, @, based upon the saturation behavior of the samples
containing oxygen and 10 mM Ni(I[)EDDA. AP, ,, values of
Ni(II)EDDA was scaled to an effective concentration of 20 mM.
Distances were calculated on the basis of eq 1 obtained pre-
viously describing the correlation of distance (x) and ® values.>

® = 3.4 tanh[0.11(x — 8.56)] + 1.1 (1)

Depth measurements using a collision gradient approach may
vary with lipid composition, and the validity of eq 1 for POPC/
POPS mixtures containing low levels of PIP, was tested by
measuring @ for spin-labeled lipids in the presence and absence
of 1 mol % PIP,. Incorporation of PIP, at this low level in POPC/
POPS mixtures had no measurable effect on @ and did not alter
the oxygen or Ni(I[)EDDA AP, , value.

Pulse EPR measurements and sample preparation were de-
scribed previously.”® In brief, a 25—30 4L doubly labeled protein
sample with 1 mM Ca>*, POPC/POPS/PIP, (74:25:1) vesicles,
and 10—20% (v/v) glycerol was loaded into quartz capillaries.
Samples were flash-frozen in a dry ice/2-propanol bath, and the
data were recorded at 80 K on a Bruker Elexsys ES80 spectro-
meter fitted with an ER4118X-MS3 split-ring resonator (Bruker
Biospin, Billerica, MA). The phase-corrected dipolar evolution
data were processed assuming a three-dimensional background
and Fourier transformed, and the distance distributions were
obtained with a Gaussian fit using DeerAnalysis2009.

Vesicle Sedimentation Assay. Vesicle sedimentation assays
were conducted as described previously,>* and free protein
concentrations were determined from the fluorescence of a
Bodipy-labeled protein or the intrinsic fluorescence of the native
protein. Here, experiments were conducted with 0.1—0.5 uM
Bodipy-labeled C2A protein, ~10 nM C2B, and ~1 uM
unlabeled C2AB 269. Additional 1 mM CaCl, or 1 mM EGTA
was added under conditions with and without Ca>* with sucrose-
loaded LUVs at lipid concentrations ranging from 1 uM to
12 mM. The final lipid concentration was confirmed with a
phosphate assay.>® The emission spectrum taken with the

FluoroMax-3 fluorimeter (Jobin Yvon, Edison, NJ) with excita-
tion at 480 nm and emission at 510 nm was measured for the
binding calculation of C2A and C2AB; the tryptophan fluores-
cence of C2AB was recorded with excitation at 290 nm and
emission at 342 nm. At least three sets of measurements were
taken for each lipid concentration and used to determine a molar
partition coefficient, K, which is defined as

[P]

IE K[P] (2)

where [P] is the concentration of protein in the bulk aqueous
phase, [P],, is the molar concentration of protein bound to the
membrane, and [L] is the molar concentration of accessible lipid.
Here, the protein concentrations are dilute ([lipid] > [protein]),
so the fraction of protein bound, f;,, will be given by

K[L]

BERTD) G)

fo

The data were fit to eq 2 using OriginPro version 7.5 to yield a
value of K, the reciprocal molar partition coefficient in units of
inverse molar.

Modeling the Membrane Docking of syt1C2AB. Models for
the membrane-bound structure of syt1 C2AB were generated in a
manner similar to that described previously.>® Briefly, the spin-
labeled side chain R1 was appended to the structure at appro-
priate locations, and the first two dihedral angles for the side
chain, ); and ), were set to —60°. A simulated annealing routine
was performed without any experimental restraints to allow other
side chain atoms to find reasonable conformations. The result of
this procedure was the starting structure for the membrane
docking simulation during which the entire spin-label side chain
conformations were fixed in addition to the backbone atoms of
the two C2 domains. The distances from the R1 side chains (at
positions of 173, 174, 236, 283, 285, 304—306, 327, 368, 369,
395, and 396 of C2AB) to the membrane surface were calculated
from the experimentally determined @ values as described
previously."® Simulated annealing was performed with restraints
based on power saturation (distances to plane) and DEER
(interdomain distances of residues 199—304, 199—332, 213—
283, and 213—353). Structures were visualized and analyzed
with PYMOL (DeLano Scientific LLC, Palo Alto, CA). Average
angles and distances were measured with Discovery Studio
Visualizer version 2.5 (Accelrys, San Diego, CA).

Electrostatic Calculations of the syt1 C2B Domain. The
Adaptive Poisson—Boltzmann Solver (APBS) plug-in*® within
PyMOL was used to calculate electrostatic potential maps on the
NMR solution structure of C2B (Protein Data Bank entry
1KSW).*” The Ca**-bound C2B electrostatic profile was deter-
mined with the radius of the two Ca*" ions set to 1.06 A.*®
Protein and solvent dielectric constants were set to 2 and 78,
respectively. A graphical representation of the calculated electro-
static potential isocontours in 150 mM monovalent ions at 1kT/e
(approximately 25 mV) was displayed using PyMOL.

B RESULTS

Pi(4,5)P, at 1% Alters the Orientation of and Depth of
Penetration of syt1C2AB. The spin-labeled side chain R1 was
incorporated into the soluble fragment of syt1 containing its two
C2 domains (syt1C2AB) at 13 different positions via derivatiza-
tion of a single cysteine mutant with the MTSL reagent
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Figure 2. X-Band EPR spectra obtained from single R1 substitutions in
syt1C2AB in the presence of Ca>". Spectra recorded in the presence of
POPC/POPS (3:1) lipid vesicles are colored black, and spectra recorded
in the presence of POPC/POPS/PIP, (74:25:1) lipid vesicles are
colored red. Spectra are normalized against the total spin number so
that the amplitudes provide an approximate measure of the motional
averaging of the R1 side chain. All the spectra are 100 G scans.

Table 1. Depth Parameters, ®, for Spin-Labeled Sites on
syt1C2AB Associated with POPC/POPS (3:1) or POPC/
POPS/PIP, (74:25:1) Bilayers in the Presence of Calcium”

labeled site ® (PC/PS) ® (PC/PS/PIP,) distance (A) range (A)
MI173R1 08+0.3 12403 8.8 80<x<96
G174R1 0.6+0.1 1.8+£0.2 10.5 99 <x<11.0
K236R1 —0.3£0.2 12+£02 8.8 82<x<93
V283R1 —19%0.1 —2240.1 —10.6 —350<x<—73
T285R1 —1.440.1 —1.5+0.1 —0.6 —13<x<00
V304R1 —0.4 102 04403 6.7 58<x<7S5
G30SR1 0.8+02 —1.1+0.1 1.6 1.1<x<20
G306R1 03+03 02+£0.1 6.1 5.8<x<64
K327R1  —22402 —1.7 +£0.1 —2.1 —30<x<—13
G368R1 0.6+0.1 —0.9+0.1 2.4 0.6 <x<39
K369R1 —1240.2 0.5£0.2 6.9 64<x<75
A395R1  —1.0%0.1 —1.940.1 —4.0 —S4<x<—3.0
N396R1 —2.1 £0.1 —14+0.1 0.0 —0.6 <x<0.6

“The distances and range were calculated for PIP,-containing bilayers.
Depth parameters were obtained by progressive power saturation of the
EPR spectra and were used to estimate depths as described in Materials
and Methods. The range was determined by uncertainty in the measured
values of @ and eq 1.

(Figure 1). Most of these positions were chosen for labeling
because the R1 label was seen previously to penetrate POPC/
POPS bilayers or because the EPR spectra of R1 exhibited
changes upon membrane association. Shown in Figure 2 are
the X-band EPR spectra of these single R1 mutants when fully
associated with either POPC/POPS (3:1) or POPC/POPS/
PIP, (74:25:1) vesicles in the presence of Ca®" (black or red
traces, respectively). The line shapes at each site are a reflection
of the local structure at each labeled position as well as the
penetration of the label into the membrane hydrocarbon.'® For
most sites, no significant differences in the EPR spectra are seen,
indicating that the label motion at these sites is unchanged by the
presence of 1 mol % PIP,. However, there are small but
significant differences in the spectra at several sites, including
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Figure 3. (a) Comparison of EPR spectra for several sites in syt1C2AB
when bound to POPC/POPS bilayers with the addition of 1 (black) and
5 mol % PIP, (red). (b) EPR spectra in the absence of Ca®" for two sites
in syt1C2AB within the first Ca”*-binding loop, C2B, when bound to
either POPC/POPS (black) or POPC/POPS/PIP, (blue) bilayers.
Spectra are normalized vs the total spin number and are 100 G scans.

the Ca”*-binding loops of C2A as well as Ca>*-binding loop 3 of
C2B. These changes might reflect a different membrane associa-
tion of syt1C2AB in the presence of PIP,.

To determine whether changes in the EPR spectra reflect a
difference in the association of syt1 C2AB with the bilayer, each of
the spectra in Figure 2 was power-saturated to obtain a measure
of the depth of membrane penetration of each label (see
Materials and Methods). The depth parameters obtained in
the presence of PIP, are listed in Table 1, along with depth
parameters obtained previously for sytlC2AB associated with
POPC/POPS bilayers.23 As one can see in Table 1, PIP, induces
a deeper membrane penetration (more positive depth para-
meters) for sites in the Ca”'-binding loops of C2A (173Rl,
174R1, and 236R1), and PIP, alters the positions of labels within
Ca”"-binding loops of C2B (304R1, 305R1, 368R1, and 369R1).
In addition, a site within the polybasic strand (327R1) moves
closer to the membrane interface in the presence of PIP,, and
several sites opposite the Ca”*-binding loops in C2B (396R1 and
285R1) reside at the membrane interface.

Increasing the PIP, Concentration Brings the Polybasic
Face of C2B Closer to the Bilayer Interface. Levels of PIP, of
up to 6 mol % have been detected at the focal sites of fusion, and
we explored the effect of increasing the PIP, concentration from
1 to S mol %. In most cases, further increases in the level of PIP,
do not significantly change line shapes (see Figure 3a) or depth
parameters; however, EPR line shapes broaden for residues
within the highly charged polybasic face of C2B, for example,
at 327R1. For 327R1, increasing the PIP, concentration from 1
to S mol % increases the depth parameter, @, from —1.7 £ 0.1 to
—1.1 £ 0.1, representing a shift in position toward the bilayer of
approximately 3 A. This is not unexpected. The incorporation of
S mol % PIP, represents a significant increase in the membrane
surface charge density, and increases in charge density are known
to alter the equilibrium position of peptides that interact
electrostatically with the membrane interface.*

2636 dx.doi.org/10.1021/bi200049c¢ |Biochemistry 2011, 50, 2633-2641
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Figure 4. Ca’>"-independent partitioning of (a) C24, (b) C2B, and (c)
C2AB into POPC/POPS/PIP, (74:25:1) bilayers determined by sedi-
mentation equilibrium. The red traces represent fits to the data using
eq 3. No binding of C2A in the absence of Ca®" to POPC/POPS/PIP,
bilayers is detected. Reciprocal molar partition coefficients obtained
from these data are listed in Table 3.

PIP, Enhances the Ca’'-Independent Binding of syt1-
C2AB. Previously, syt1C2AB was shown to interact with POPC/
POPS bilayers in a Ca®'-independent manner through the
electrostatic association of the polybasic face of C2B with the
bilayer interface."® Although this association is weak, the C2B
domain will remain membrane-associated within the cell (if it is
not associated with SNARE proteins) because it is tethered to the
bilayer interface, thereby increasing the local lipid concentration.
A well-established vesicle sedimentation assay was used to
determine the partition coefficients for the C2A, C2B, and
C2AB fragments of sytl with the bilayer interface under condi-
tions where the protein is dilute on the membrane interface. The
binding data are shown in Figure 4 along with fits to the data
using eq 3. There was no measurable affinity of the C2A domain
for POPC/POPS/PIP, bilayers in the absence of Ca®>". The
reciprocal molar partition coefficients for C2B and C2AB
obtained from the fits in Figure 4 are listed in Table 2. In the
presence of PIP,, syt1C2B and syt1C2AB have a similar bilayer

Table 2. Calcium-Independent Reciprocal Molar Partition
Coefficients for syt1C2B and syt1C2AB with PC/PS (3:1) or
PC/PS/PIP, (74:25:1) Membranes”

C2A C2B C2AB
PC/PS/PIP, - (9.6 £ 1.1) x 10* (9.1 £ 1.6) x 10*
PC/PS — (2.9 +03) x 10* (12£0.1) x 10

? Partition coefficients determined by sedimentation (see Materials and
Methods) in the presence of 1 mM EGTA. Partition coefficients for PC/
PS bilayers in the absence of Ca®>" are shown for comparison and were
published previously."?

00 05 10 15 20 25 10 5 0 5 10

Time (usec) Frequency (MHz)

Figure S. Pulse EPR (DEER) was used to measure distances between
the C2A and C2B domains of syt1C2AB when bound to POPC/POPS/
PIP, bilayers. Shown in panel a are sites for four spin-labeled pairs used
for distance measurements. The black traces in panels b and ¢ represent
the background-subtracted DEER signal and Pake pattern obtained for
the spin pair of 199R1 and 304R1, respectively. The red trace represents
the fit to the data using a single Gaussian distribution, which is described
by the mean distances and one standard deviation from the mean given
in Table 3.

affinity, and the domains will be half-membrane-bound at an
accessible lipid concentration of approximately 1 mM. The
values obtained previously in POPC/POPS bilayers are shown
for comparison and indicate that addition of 1 mol % PIP, to
POPC/POPS bilayers produces approximately 3- and 8-fold
increases in membrane affinity for C2B and C2AB, respectively.

The incorporation of PIP, does not significantly change most
EPR line shapes for membrane-associated sytlC2AB in the
absence of Ca’", except within the first Ca>*-binding loop of
C2B (see Figure 3b). For these sites, membrane depth param-
eters indicate that the first Ca>*-binding loop is positioned closer
to the interface. For example, the depth parameter for 304R1
increases from —1.3 &£ 0.1 without PIP, to —0.5 £ 0.4 with 1%
PIP,, indicating a shift into the interface of ~4 A.

2637 dx.doi.org/10.1021/bi200049c¢ |Biochemistry 2011, 50, 2633-2641
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Table 3. Distances and Distance Distributions Obtained by
Double Electron—Electron Resonance (DEER) between
Spin-Labeled Sites in C2A and C2B*

C2A/C2B mutant POPC/POPS (3:1)  POPC/POPS/PIP, (74:25:1)

R199R1/V304R1 40414 (A) 39+ 16 (A)
R199R1/K332R1 46+8 s2+11
K213R1/V283R1 61+16 6412
K213R1/Q353R1 5615 $3+15

“ Measurements were taken in the presence of Ca®t (see Materials and
Methods). Distances were obtained by a Gaussian fit to the distance
distribution using DeerAnalysis2009.” The distances represent the
most populated distances, and the range represents one standard
deviation of the Gaussian distribution. The two shorter mutant pairs
have an ~2 A distance uncertainty and a 30% uncertainty in the
distribution. For the two distances of >50 A, there is an ~4 A distance
uncertainty and a 50% uncertainty in the distribution. Data for POPC/
POPS bilayers were obtained previously*® and are shown here for the
sake of comparison.

C2A Ca?
binding loops

Arg 398, 399 )
I\ Phosphate plane

|\

| Phosphate plane
~

C2B Ca?*

binding loops

Figure 6. Model for the membrane-bound state of sytlC2AB when
bound to POPC/POPS/PIP, (74:25:1) bilayers. The EPR-derived
restraints could not be satisfied by docking to a single bilayer but require
the calcium-binding loops of C2B (magenta) and C2A (yellow) to insert
into opposing bilayers. A region close to two conserved arginine residues
in C2B (residues 398 and 399), which are opposite the Ca>*-binding
loops, is located in the bilayer interface and requires that the C2B
domain contact both membrane interfaces.

syt1C2AB Bridges Bilayers, and 1% PIP, Drives Bilayers
Closer Together. The data listed in Table 1 provide point-to-
plane depth restraints that may be used to assess the membrane
docking of syt1C2AB. To provide additional structural restraints,
we measured four distances across the two C2 domains of sytl
when fully bound to membranes containing PIP,. Shown in
Figure 5a are positions in syt1 C2AB from which the interdomain
restraints were measured. Also shown in Figure 5 are the back-
ground-corrected DEER signal and Pake pattern obtained for the
nitroxide pair of 199R1 and 304R1. The signals obtained from
199R1 and 304R1 are similar to the three other signals, and they
resemble those obtained previously in POPC/POPS bilayers.*?
These DEER signals result from a broad distance distribution
between nitroxide pairs, and in this case, they reflect structural

heterogeneity in the relative orientations of C2A and C2B. The
distances obtained by pulse EPR are listed in Table 3, and they
represent the most probable distance and one standard deviation
of the width of the Gaussian used to fit the distance distribution.
Each of the distances measured has a broad distribution and was
similar to interdomain distances obtained for syt1C2AB bound
to PC/PS bilayers.

Using the structural restraints listed in Tables 1 and 3, we
generated a model for the membrane-bound form of syt1C2AB
using an approach that was employed previously to dock
syt1C2AB to PC/PS bilayers. Using these restraints, it was not
possible to dock the two C2 domains of sytl to a single bilayer
(a result that was obtained previously using restraints generated
in POPC/POPS bilayers**). However, the restraints could be
satisfied by docking syt1C2AB to two bilayers, and the result is
shown in Figure 6.

In the model shown in Figure 6, the first and third Ca“—binding
loops of C2A and C2B penetrate into opposite bilayers. The poly-
basic face of C2B, which includes a number of basic residues along its
fourth f-strand, is closely associated with one interface, and the
region opposite the Ca” " -binding loops of C2B also interacts with
the bilayer interface. This interaction includes the pair of conserved
residues, Arg-398 and Arg-399, that likely promote association with
the POPC/POPS/PIP, bilayer.

In Figure 7, the model obtained here for syt1 bound to bilayers
containing 1 mol % PIP, is compared with a model obtained
previously in POPC/POPS bilayers.”® In the presence of PIP,,
both domains penetrate more deeply into the bilayer through
their Ca®"-binding loops, with loop 3 of C2B penetrating ~6 A
deeper in the presence of PIP,. In addition, the polybasic face of
C2B is drawn closer to the bilayer interface in the presence of
PIP,, which tilts the axis of C2B further from the bilayer normal.
Because the C2B domain bridges bilayers and retains bilayer
contact on two faces, the separation between bilayers that best
satisfies the restraints in the presence of PIP, is shorter than that
obtained without PIP,. In the presence of PIP,, the optimal
separation between bilayers that produces structures with the
lowest energy and with a minimal number of violations is
approximately 35 A, whereas in the absence of PIP,, the optimal
separation was approximately 43 A. On the basis of the error in
the depth measurements and the variation in structures obtained
from the simulated annealing, we estimate that the 8 A decrease
in distance has an error of approximately +3 A.

It should be noted that the structures shown in Figures 6 and 7
represent the lowest-energy structures obtained from a set of
structures obtained by simulated annealing. Caution needs to be
taken when interpreting any one structure, as there is consider-
able variability in the structures obtained (the root-mean-square
deviation of the 10 lowest-energy structures obtained in the
presence of 1 mol % PIP, was 3.77 £ 1.25 A). Nonetheless, the
results indicate that PIP,, mediated by electrostatic interactions
with syt1C2AB, acts to bring two opposing bilayers closer
together.

H DISCUSSION

At present, the role of PIP, in membrane fusion is not
understood. PIP, is known to play an important role in cell
signaling, functioning as a precursor to cellular second messen-
gers and acting as a signaling lipid itself. At a molecular level, PIP,
frequently acts to bind and translocate proteins containing
specific domains, such as PH domains, to the membrane
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Figure 7. Comparison of the models for membrane-bound syt1C2AB when associated with membrane vesicles composed of (a) POPC and POPS
(3:1) or (b) POPC, POPS, and PIP, (74:25:1). The addition of 1 mol % PIP, results in a model in which the calcium binding loops of C2A and C2B are
more deeply inserted, the polybasic strand of C2B is closer to the membrane interface, and the bilayer spacing that best fits the EPR-derived restraints is

5—8 A shorter than that for POPC/POPS bilayers.

surface,* and it is known to facilitate the attachment of positively
charged segments of proteins to the membrane interface through
electrostatic interactions.*' Moreover, basic protein motifs have
the capacity to sequester PIP,, thereby regulating the lateral
distribution and activity of PIP, within the bilayer. Indeed, there
is evidence that the highly charged juxtamembrane region of
syntaxin interacts with PIP, and controls the activity of this lipid
within the focal site of fusion.* Because PIP, has a highly positive
intrinsic curvature, it should be highly inhibitory to fusion when
present on the cytoplasmically facing target monolayer. As a
result, it has been suggested that PIP, might act to prevent fusion
until it is removed during the final triggering step for exocytosis.
There is also evidence that PIP, plays a direct role in fusion by
helping bridge bilayers through electrostatic interactions with the
positively charged juxtamembrane segment of the vesicle
SNARE synaptobrevin.**

In this work, we utilized both pulse and continuous wave EPR
spectroscopy to generate a model for syt1C2AB when bound to
POPC/POPS bilayers containing 1 mol % PIP,. The model
suggests that PIP, modulates the configuration of sytl and may
act to decrease the spacing between bilayers at the focal site of
fusion. In this model, the Ca>*-binding loops of the C2 domains
of sytl penetrate more deeply into bilayers in the presence of
PIP, and the orientation of the C2B domain changes to bring the
polybasic face of this domain closer to the membrane interface.
The restraints obtained here indicate that the C2B domain of
sytl must bridge bilayers, and the results of simulated annealing
indicate that the most likely configurations are those in which the
C2A and C2B domains bind opposing bilayers. Because the C2B
domain bridges bilayers, the change in orientation of C2B results
in a shorter distance between the two opposing bilayers.

The model shown in Figures 6 and 7b was obtained for
syt1C2AB bound to bilayers that both contain 1 mol % PIP,. In
the cell, the majority of the PIP, is believed to be present on the
plasma membrane interface and not the vesicle interface,” and
unlike this experimental system, the native system is not sym-
metric. Although we have no data for an asymmetric system, the
two C2 domains have different Ca®>"-dependent lipid prefer-
ences, with the C2B domain preferring to associate with PIP,-
containing bilayers and the C2A domain preferring PS-containing

bilayers.® As a result, the calcium binding loops of C2A and C2B
would be predicted to associate with the vesicle and plasma
membranes, respectively. The presence of PIP, in the target
membrane is expected to have an effect similar to that seen in our
model system. The presence of PIP, on the plasma membrane
surface should enhance interactions with the polybasic face of C2B,
alter the C2B domain orientation, and decrease bilayer separation.

The C2B domain is a highly charged protein domain, and
electrostatic surface potential plots (showing the 25 and —25 mV
equipotential surfaces) for the C2B domain in Ca®'-free and
Ca”"-bound forms are shown in Figure 8. The addition of Ca®*
creates a region of positive electrostatic potential around the
Ca*"-binding loops of C2B, and the polarization of this region
likely triggers insertion of the C2B domain into lipid bilayers in a
manner similar to that for the C2A domain.”* Even in the absence
of Ca’", the C2B domain is highly positively charged, with
regions of large positive surface 2potential near the polybasic face
and the region opposite the Ca” -binding loops. These electro-
static features likely mediate the change in orientation of the C2B
domain in the presence of PIP, and the membrane contact that is
observed in a region opposite the Ca®*-binding loops (see
Figure 6).” Two conserved basic residues opposite the Ca”* -binding
loops of on C2B, Arg-398 and Arg-399 (Figures 6 and 8), make a
significant contribution to the positive electrostatic potential on this
end of the domain, and they are also functionally important. When
these residues are mutated to glutamine, Ca*"-trigged synchronous
release is nearly abolished.*®

The model shown in Figure 6 seems physically plausible. The
two opposing bilayers are both negatively charged; however,
strong electrostatic repulsion should not take place because the
separation between bilayers is greater than twice the Debye
length at normal ionic strength. As indicated above, the C2B
domain is highly positively charged, and as a result, syt1 acts as an
electrostatic mediator to bring the two bilayers closer together.
The changes seen here in C2 domain orientation upon addition
of PIP, are not unexpected, because previous work provided
qualitative evidence of changes in C2B domain orientation in the
presence of PIP,.%'? PIP, has been observed to modulate the
binding and orientation of the C2 domain of PKCo;* however,
in this case, the domain is tilted toward the bilayer normal in the
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Figure 8. Equipotential electrostatic surfaces [25 mV (blue) and —25
mV (red)] for (a) the C2B domain in the absence of Ca®>" and (b) the
C2B domain in the presence of Ca*". The C2B domain is highly
positively charged and has regions of positive charge because of its
polybasic strand (strand 4) and hi%hly conserved arginine residues
located on a surface opposite the Ca**-binding loops. The binding of
Ca”" polarizes the primary membrane-binding face of the domain. The
potentials were calculated using the APBS plug-in from PyMOL.

presence of PIP,. The different behavior of the sytl and PKC
domains appears to be due to differences in the PIP,-interacting
face of these domains. Unlike the sytl C2B domain, which likely
responds to PIP, through a purely electrostatic mechanism, the
behavior of the PKCot C2 domain appears to be due to a specific
binding site for the PIP, headgroup on the domain.**

Evidence of bilayer bridging by syt1C2AB has been observed
previously, and it could play an important role in sytl function.
As indicated above, a model generated previously in POPC/
POPS bilayers (using 21 point-to-plane and 12 interdomain
distance restraints) places syt1C2AB in a configuration to bridge
bilayers (Figure 7a). Moreover, light scattering and electron
microscopy both indicate that syt1C2AB aggregates vesicles in a
Ca”"-dependent fashion.*"** Evidence of bilayer bridging also
comes from functional assays of syt1 function. Recently, fusion in
a Ca>"-dependent manner mediated by sytl has been demon-
strated using full-length syt1 and a single-vesicle fusion assay.** In
this case, high PIP, levels were required in the target membrane
for optimal Ca®' sensitivity, suggesting that a transbilayer
interaction of sytl was required to stimulate fusion. This work
is consistent with earlier work in a bulk vesicle fusion assay,
indicating that transbilayer interactions of sytl were likely to
mediate fusion.*

In summary, our work indicates that PIP,, by changing the
membrane position and orientation of sytl, acts to drive vesicle
and target membranes closer together. How might membrane
bridging or transbilayer interactions of syt1 mediate synchronous
Ca”"-dependent neurotransmitter release? Conceivably, this
bridging activity might act to trigger the assembly and zippering
of the SNARE complex from either a disassembled or partially
assembled state. Bilayer bridging might also act to promote the
mixing of lipids in the two opposing bilayers and the formation of
a fusion stalk. It has been proposed that syt1 acts by altering lipid
order or curvature strain,"” thereby promoting the formation of a
fusion stalk. Conceivably, the deeper penetration of the C2
domains and the presence of PIP,, which may be sequestered
near the focal site of fusion, could act to amplify the local positive
membrane curvature strain near the site of fusion.
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