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ABSTRACT. Synaptotagmin | (syt), an integral protein of the synaptic vesicle membrane, is believed to act
as a C&" sensor for neuronal exocytosis. Syt's cytoplasmic domain consists largely of two C2 domains,
C2A and C2B. In response to &abinding, the C2 domains interact with membranes, becoming partially
embedded in the lipid bilayer. We have imaged syt C2AB in association with lipid bilayers under fluid,
using AFM. As expected, binding of C2AB to bilayers required both an anionic phospholipid
[phosphatidylserine (PS)] and &a C2AB associated with bilayers in the form of aggregates of varying
stoichiometries, and aggregate size increased with an increase in PS content. Repeated scanning of bilayers
revealed that as C2AB dissociated it left behind residual indentations in the bilayer. The mean depth of
these identations was 1.81 nm, indicating that they did not span the bilayer. Individual C2 domains (C2A
and C2B) also formed aggregates and produced bilayer indentations. Binding of C2AB to bilayers and
the formation of indentations were significantly compromised by mutations that interfere with binding of
Ca&* to syt or reduce the positive charge on the surface of C2B. We propose that bilayer perturbation by
syt might be significant with respect to its ability to promote membrane fusion.

Neurotransmitter release occurs in response & Dfux Ca* sensor for neurotransmitter relead®-(24).
across the presynaptic plasma membrahge There is The interaction of syt with phospholipids has been the
persuasive evidence that a majorPCaensor at most nerve  subject of numerous studies. It is now accepted that both
terminals is synaptotagmin | (syt)an integral protein of ~ C2A and C2B domains undergo €ariggered association
the synaptic vesicle membrane (reviewed in r2fsnd 3). with negatively charged phospholipids<{14). Furthermore,
The cytoplasmic region of syt consists predominantly of two C2AB can cause Ca-dependent clustering of liposomes
C2 domains, known as C2A and C2B, which bind three and (24—26). The association of syt with phospholipids is
two C&" ions, respectively 4, 5). In response to Ca intimate, involving the penetration of the €abinding
binding, syt interacts both with negatively charged phos- regions of the C2 domains into the lipid bilay&—11, 13,
pholipids, such as phosphatidylserine (PS)-11) and 18, 27—30) and also the induction of positive curvature in
phosphatidylinositol 4,5-bisphosphate (R)IPL2—14), and the bilayer 26, 31). Since membrane fusion requires a
with soluble N-ethylmaleimide-sensitive fusion protein at-  significant perturbation of the bilayers of the two interacting
tachment protein receptors (SNARES), proteins known to be membranes, it seems likely that these effects of the C2
key players in the process of membrane fusib518). It domains on the bilayer are physiologically significant.
is likely that the Cé&f-triggered binding of syt to both Studies of the interaction of syt with lipid bilayers (e.g.,
phospholipids and SNAREs is essential for its function as a binding to liposomes in suspension) have generated much
information 6—14, 18, 26, 27); however, such studies are
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forms aggregates but does not seem to adopt a singlewas adjusted to the highest setting that allowed imaging with
stoichiometry. Intriguingly, the binding of C2AB induces the little noise, to minimize the force applied to the sample.
formation of stable indentations in the bilayer, suggesting Images were captured at a scan rate of 1 Hz (unless otherwise
that it is able to significantly perturb the bilayer structure. noted), and with 512 scan lines per area. Data analysis was
The possible significance of this perturbation with respect performed using commercially available software (Nano-

to Ca'-triggered membrane fusion is discussed. Scope Il software, Digital Instruments; Scanning Probe
Image Processor, Image Metrology, Lyngby, Denmark).
EXPERIMENTAL PROCEDURES Determination of Molecular VolumesThe molecular

volumes of the protein particles were determined from
4 , ’ : particle dimensions based on AFM images. The particles tend
domain (C2AB, residues 96421), the C2A domain (residues 1, a4opt the shape of a spherical cap. The heights and half-

96-265), and the C2B domain (residues 2421) were  peight radii were measured from multiple cross sections of
expressed as GST-tagged proteins and cleaved with thrombing, o ‘same particle, and the molecular volume was calculated
as described previously32). A C2AB mutant in which using the following equation

aspartate residues crucial to binding of?C#o both C2A

and C2B (D230, -232, -363, and -365) had been neutralized _ 2 2

by conversion to asparagines, designated z2&2By (11, Vin = (V/6)(3" + ) (1)
13, 22, 23, 32), and C2AB harboring a mutation in C2B in
which two lysine residues in a normally positively charged
region (K326-K327) had been replaced with alanines,
designated C2AB(KK)11, 13, 22, 32), were also used. For
all experiments, bacterial contaminants were removed from V.= (MJNY(V. + dV. 2
recombinant proteins by treatment il M NaCl and o= M/N(V, 2 )

RNase/DNase, as described previousig)( whereMg is the molecular mas$\, is Avogadro’s number,
Formation of Supported Lipid Bilayerd,2-Dioleoylsn V1 (0.74 cni/g) and Vs (1 cnt/g) are the partial specific
glycero-3-phosphatidylcholine (DOPC) and brakw-PS,  yolumes of the particle and water, respectively, diffi.4 g
obtained from Avanti Polar Lipids (Birmingham, AL) as  of water/g of protein) is the extent of protein hydrati@3)
chloroform stocks, were mixed as appropriate. The chloro-  stopped-Flow Rapid Mixing ExperimerBOPC, synthetic
form was evaporated under a stream of nitrogen gas, andi 2-dioleoylsnglycero-3-PS, and 1,2-dioleoghkglycero-
the lipids were rehydrated overnight in water (from a 3.phosphoethanolaminé<5-dimethylamino-1-naphthalene-
Millipore water purification system) to give a total lipid  sylfonyl; dansyl-PE) were obtained from Avanti Polar Lipids.
concentration of 2 mg/mL. The lipid mixture was vortexed A phospholipid mixture, composed of 5% dansyl-PE, 25%
to produce Iarge multilamellar VeSiCIeS, from which small PS, and 70% DOPC was dried and resuspended in HBS.
unilamellar vesicles were prepared by sonication in a heatedLarge (\4100 nm) unilamellar |iposomes were prepared by
(50°C) bath sonicator (Decon Laboratories, Hove, U.K.) for extrusion, as described previousiys).
30 min. For the imaging of supported lipid bilayers, 40 Rapid mixing experiments were carried out using an
of the vesicle suspension was added toih0of HEPES-  applied Photophysics (Leatherhead, U.K.) SX.18MV stopped-
buffered saline (HBS) [100 mM NaCl and 20 mM HEPES  fiow spectrometer. CGa-dependent interactions between
(pH 7.6)], containing either 500M CaCk or 2mM EGTA.  wjild-type [C2AB(WT)] or mutant C2AB [C2AB(KK)] and
The resulting suspension was deposited onto freshly cleavedps.-containing liposomes were monitored by fluorescence
mica (12.7 mm diameter disks; Agar Scientific) fixed by resonance energy transfer. Native tryptophan and tyrosine
epoxy (Aron Alpha type 102, Agar Scientific) to 15-mm steel residues in C2AB (donors) were excited at 285 nm, and the
SPM specimen discs (Agar Scientific). After a 30-min  flyorescence intensity of the dansyl-PE (acceptors) in lipo-
adsorption on mica, the sample was rinsed with HBS t0 some membranes was collected using a 470 nm band-pass
remove unadsorbed liposomes and then transferred to thsijter. The dead time of the instrument wasl.2 ms.
atomic force microscope. For the assembly experiments, increasing concentrations
AFM Imaging. AFM imaging was carried out at room of liposomes were premixed with 0.2 mM €aand then
temperature (20C) using a Digital Instruments Multimode  rapidly mixed (1:1) with 4uM C2AB. Single-exponential
atomic force microscope equipped with a J-scanner and afunctions were used to determine the observed rate constants
Nanoscope Illa controller with an in-line electronics extender (ko9 of Ca*-dependent C2ABliposome interactions. The
module (Veeco/Digital Instruments, Santa Barbara, CA). All on- and off-rate constant&.f, andk., respectively) for the
images were collected using tapping mode in fluid and using interaction of C&™-C2AB with liposomes were calculated,
oxide-sharpened silicon nitride probes (DNP-S; Veeco/ assuming pseudo-first-order kinetick8(34): kons = [lipo-
Digital Instruments). The V-shaped cantilevers (typically somekon + koit. The dissociation constantsd) for C2AB—
exhibiting a spring constant of 0.58 N/m and an estimated liposome interactions in the presence of Oaere calculated
curvature radius of 10 nm) were tuned to-120% below askoi/kon, All experiments were carried out at 25°G.
the peak of the resonance frequency, generally found between For the disassembly experiments, 44 nM liposomes (5%
7.5 and 9 kHz. The drive amplitude was set to generate adansyl-PE/25% PS/70% PC) were premixed withuMi
root-mean-square amplitude of 8:8.6 V. The microscope = C2AB in the presence of 0.2 mM €aand then rapidly
was engaged with a 0-nm scan area to allow for tuning and mixed with an equal volume of HBS buffer containing excess
a setpoint adjustment of 16@00 nm above the surface EGTA (2 mM). The chelation of G4 by EGTA resulted in
before scanning of the sample was performed. The setpointa rapid loss of the fluorescence signal. The rate constants

DNA ConstructscDNAs encoding the syt cytoplasmic

whereh is the particle height andis the radius.
Molecular volume based on molecular mass was calculated
using the equation
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FiGUre 1: Interaction of C2AB with mica. C2AB (2.5 nM) was pm um

incubated with mica in the presence of either EGTA (2 mM; A
and B) or C&" (500 uM; C and D) for 30 min. Free C2AB was
then washed off, and the bound protein was imaged under fluid.
Typical AFM images are shown in panels A and C. Molecular
volumes of a number of particles were calculated from the particle
dimensions, according to eq 1. Frequency distributions of the pjiovers allow the heights of the bilayer to be determined: 5.8 nm

molecular volumes are shown in panels B and D. The peaks of the, hane| B and 4.8 nm in panel D. The shade-height scale refers to
two distributions are indicated. both panels A and C.

Ficure 2: Appearance of protein-free supported lipid bilayers.
Liposomes composed of either DOPC only (A and B) or DOPC/
PS (3:1; C and D) were deposited on mica in the presencedf Ca
(500 «M), and the resulting supported lipid bilayers were imaged
under fluid. Vertical cross sections (white lines) at the edge of the

for disassemblykiis) were estimated by fitting the kinetic e pehavior of a C2AB mutant in which aspartate residues
traces using a single-exponential function. All experiments ¢ cial to binding of C& to both C2A and C2B (D230,
were carried out at 14.5C. (The disassembly of C2AB -232, -363, and -365) were neutralized by conversion to
liposome complexes was too fast to monitor when the asparagines, designated GRAC2By (11, 13, 22, 23, 32).
temperature was-25 °C.) We found that this mutant was unable to dimerize in response
Statistical AnalysisAll errors are reported as standard {5 cg+ The peaks of the molecular volume distributions

deviations (SD). The statistical significance of differences ¢4, C2Au—C2By were at 107 nrhboth in the absence and

betw_een groups was calculated using a Studertest for in the presence of G4 Hence, C& needs to be able to
unpaired data. bind to the C2 domains to trigger dimerization of C2AB on
RESULTS mica.

Clearly, the interaction of C2AB with mica has minimal

We first imaged C2AB(WT) (2.5 nM) in association with  physiological relevance. We therefore turned our attention
mica, which presents a negatively charged surface at pH 7.6to the interaction of C2AB with supported lipid bilayers
As shown in Figure 1A, in the absence of’Céi.e., with 2 under fluid, conditions that closely mimic those prevailing
mM EGTA), C2AB appeared as a fairly homogeneous in vivo. Liposomes were produced and deposited onto mica
population of particles. The molecular volumes of a repre- in the presence of C& (500 uM). Under these conditions,
sentative sample of particles were determined from the the liposomes collapse and merge to form a single supported
particle dimensions using eq 1, and a frequency distribution bilayer. When the liposomes were prepared from dio-
of volumes was produced (Figure 1B). The distribution was leoylphosphatidylcholine (DOPC) only, the resultant bilayer
fitted well by a Gaussian curve, which had a peak at 103 was smooth and featureless (Figure 2A). There were oc-
nme. The size of a single C2AB molecule, predicted on the casional gaps in the bilayer (e.g., dark area at the bottom
basis of a molecular mass of 42 kDa, is 80°feq 2). Hence, right of Figure 2A), and a section through the bilayer revealed
in the absence of G4, C2AB binds to mica predominantly  that the step in height down to the mica support was 5.8 nm
as a monomer. When the experiment was repeated in the(Figure 2B). The expected thickness of a lipid bilayer
presence of CGa (500 uM), the particles bound to mica composed of DOPC is 3.5 nr8€). The additional thickness
appeared to be larger (Figure 1C). The frequency distribution is likely due to the presence of a hydration layer between
of molecular volumes (Figure 1D) was now broader but was the bilayer and the mica; such a layer has been reported
still fitted well by a Gaussian curve. The peak of the curve previously @7). Bilayers composed of DOPC and phos-
was now at 205 nfy double the molecular volume seen in  phatidylserine (PS) (3:1) were similarly featureless (Figure
the absence of Ga The simplest interpretation of this result 2C) and now had a height step down to the mica support of
is that, in the presence of €a C2AB binds to mica 4.8 nm, likely indicating a closer interaction between the
predominantly as a dimer. Alternatively, €acould have PS-containing bilayer and the mica (Figure 2D).
caused a substantial conformational change in the protein, To study the interaction of C2AB with lipid bilayers,
resulting in the presence of intramolecular cavities and a liposomes were preincubated with a low concentration of
consequent overestimation of its volume. There is somethe protein (2.5 nM), and then supported bilayers were
evidence for a Ca-induced conformational change in C2AB  produced. Free C2AB was washed away before AFM
(35), but this does not seem to be large enough to accountimaging. When liposomes composed of DOPC were incu-
for the apparent change in molecular volume. We also testedbated with C2AB in the presence of €a(500 uM), the
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Ficure 4: PS content of the bilayer controls C2AB binding density
and particle size. Supported lipid bilayers with bound C2AB (initial
concentration of kM) were produced from liposomes composed
of DOPC and PS at ratios of 3:1 (A and B) and 1:1 (C and D).
Typical images are shown in panels A and C. Note the presence of
large sheetlike structures attached to the bilayer in panel C. (B and
D) Frequency distributions of particle sizes. Peak molecular volumes
are indicated.

attached to the uncoated areas of mica. These are presumably
C2AB molecules primarily in dimeric form, as seen in Figure
1B. The lipid-bound particles are clearly larger than those
attached to the mica and must therefore represent oligomers.
Figure 4 illustrates the interaction of C2AB, at a high
concentration (lkM), with bilayers containing DOPC and
PS at two molar ratios (3:1 and 1:1). When the DOPC:PS
ratio was 3:1, there was a heterogeneous array of particles
attached to the bilayer (Figure 4A). A molecular volume
distribution of the bound particles is shown in Figure 4B.
The peak of the distribution was at a molecular volume of
588 nnt. In a previous electron microscopic study of C2AB
bound to lipid monolayers, structures were observed that
appeared to be barrel-shaped heptamers of the C2AB
molecule 82). Interestingly, the size of the molecular volume
peak obtained in our study would be consistent with
structures of this type (predicted size of a monorve80
nm3; 7 x 80 nn? = 560 nnf). However, our data indicate
that the bound protein particles are rather variable in size.

500 nm
Ficure 3: Binding of C2AB to supported lipid bilayers requires Figure 4A also shows the presence of very large structures

both C&" and PS. C2AB (2.5 nM) was incubated with DOPC- . . . .
only liposomes in the presence ofC45004M; A), with DOPC/ (=50 nm wide), which are likely to be liposomes bound to

PS (3:1) liposomes in the presence of EGTA (2 mM; B), or with the bilayer but not fused (which were seen only rarely on
DOPCI/PS liposomes in the presence of'C&C). The liposomes protein-free bilayers). In an attempt to distinguish between
were deposited on mica to produce supported lipid bilayers, and these liposomes and bound C2AB particles, we routinely
Epe free C2AB was washed off. Bilayers were imaged under fluid. applied an arbitrary cutoff at 3000 Arto all of our molecular
ypical images are shown. In contrast to panels A and B, many -
particles are bound to the bilayer in panel C. The largest particles vplume a”a'YSGS- When the DOPC:PS ratio was 1.1, the
(>50 nm wide) are likely to be unfused liposomes attached to the binding density of C2AB was increased (Figure 4C), and
bilayer. Note that these, too, are largely absent in panels A and B. the peak patrticle size increased from 588 to 95%.Arhese
results emphasize the importance of PS in mediating the
resulting bilayer was almost featureless (Figure 3A), which binding of C2AB to the lipid bilayer and are also consistent
was seen with DOPC bilayers produced in the absence ofwith a previous study indicating that C2 domain-containing
protein (Figure 2A). Figure 3B shows an image of a bilayer proteins affect the distribution of PS within the plane of the
composed of DOPC and PS (3:1) that had been preincubatedilayer, recruiting the lipid and binding to it in the form of
with C2AB in the absence of €a Again, few features were  protein patches3g). This previous study would predict that
seen on the bilayer, as in the absence of protein (Figure 2C)the mean particle size should increase along with the
In contrast, when the same experiment was repeated in theproportion of PS in the bilayer, which is what we observed.
presence of Ca (500uM), the bilayer was now decorated Some of the larger structures associated with the bilayer
with many raised features of various sizes (Figure 3C). Note appeared as large, flat sheets. At higher magnifications, these
also the presence of a large number of small particles sheets appeared to consist of two-dimensional aggregates of
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nm Ficure 6: Stability of the bilayer indentations. Supported lipid
bilayers with bound C2AB (initial concentration of M) were
FiGURe 5: Dissociating C2AB particles leave behind indentations produced from liposomes composed of DOPC and PS (3:1). A
in the bilayer. Supported lipid bilayers with bound C2AB (initial  representative area of a bilayer was subjected to successive scans
concentration of kM) were produced from liposomes composed 7 min apart. (A and B) Several differences can be seen between
of DOPC and PS (3:1). (A and B) The same area of a bilayer was the two images: the shape of the major indentation changes, some
scanned twice, with a 7-min interval. The appearance of the bilayer particles disappear from the bilayer, and the relative positions of
in the two scans is very similar; however, several particles have the particles and holes shift slightly. (C and D) Vertical sections
dissociated from the bilayer, leaving behind indentations (arrows). taken through the major indentation seen in the two successive
(C and D) At a higher magnification, the result of the dissociation scans. Note that the indentation initially has a rather flat bottom
of one particle is shown (arrow). (E) A vertical cross section through and that its profile changes between scans. The depth of the
a bound particle and an indentation was taken at the position of ijndentation is~3 nm.
the white line. (F) The section indicates that the depth of the U .
indentation is 1.4 nm. nm, even if it is actually a hole all the way through the bilayer
to the mica support (4.8 nm deep). The fact that the observed
globular particles (data not shown). Note that our observation depth is only 1.81 nm, therefore, indicates that the indentation
of aggregation of C2AB contrasts with the results of a does not completely span the bilayer.
previous studyZ6), which found no evidence of aggregation Our ability to identify indentations in the bilayer in the
of C2AB on liposomes, using an assay based on fluorescencepositions previously occupied by bound C2AB particles
resonance energy transfer. One possible explanation of thisndicates that the mobility of the particles (and the indenta-
discrepancy is that C2AB interacts differently with planar tions) in the plane of the bilayer is restricted. We have seen
bilayers (as in our experiments) and liposomes. this restricted mobility previously when we imaged sphin-
Closer inspection of images obtained in the presence of gomyelin/cholesterol-enriched domains in a DOPC bilayer
C2AB, PS, and CH revealed another feature that was absent (39). The shapes of the domains were largely preserved in
when no C2AB binding occurred: the presence of many successive scans but changed dramatically, even during the
indentations in the surface of the supported bilayer (e.g., course of a single scan, in response to manipulation of the
compare Figure 4A with Figure 2C). Further information cholesterol content of the bilayer. Other workers have shown
about the origin of these indentations was obtained from that influenza M2, a small tetrameric protein with a molecular
repeated scanning of bilayers decorated with C2AB. Panelsmass of 50 kDa, diffuses freely within the plane of a
A and B of Figure 5 are images of the same area of a bilayer supported lipid bilayer40). The C2AB particles imaged here
taken in successive scans, approximately 7 min apart. Theare larger and are therefore likely to move more slowly on
protein binding pattern was very similar between the two the bilayer. In addition, the effect of €aon the PS-
scans. However, a small number of the particles were lost containing bilayer is likely to be significant. For instance, it
between scans (indicated by arrows). In many cases, wherhas been shown by others that 2Cariggers a strong
a protein dissociated it left behind an indentation in the interaction between bilayer PS and the mica suppbl} (
bilayer. This effect is shown at a higher magnification in and can even cause the flipping of PS into the leaflet of the
panels C and D of Figure 5. A section was taken through a bilayer that is in contact with the micd2). It is likely that
bound particle and an indentation (Figure 5E); the height these effects would considerably reduce the mobility of
profile along this section is shown in Figure 5F. As one can features in the bilayer, such as the indentations. We should
see, this particular indentation 1845 nm in diameter and  emphasize that we cannot exclude the possibility that there
~1.4 nm deep; it also has a lip around its edge (visible in is a population of monomeric C2AB that is moving so rapidly
the vertical cross section). Section analysis of 60 suchthat it escapes detection by the scanning tip. We were
indentations (all of similar diameters) gave a mean depth interested in examining the stability of indentations in the
(£SD) of 1.81+ 0.67 nm. The geometry of the scanning bilayer, so we took successive scans of a suitable area. As
tip (tip radius of <10 nm) is such that it ought to be able to shown in Figure 6, the same indentation was visible in
access the bottom of an indentation with a diameter4® successive scans taken 7 min apart (Figure 6A,B). However,

=L I

40 nm



2148 Biochemistry, Vol. 47, No. 7, 2008 Shahin et al.

A of the indentations seen with C2AR (< 0.001 for C2A;P

< 0.01 for C2B). How does the presence of bound C2AB
lead to the formation of the indentations? One possibility is
that C2AB could bind tightly to the bilayer, and the scanning
tip could then exert sufficient lateral force to dislodge both
the protein particle and some attached lipid. This process
could leave behind an area where one leaflet of the bilayer
had been removed. However, the generation of such areas
of a relatively stable lipid monolayer is thermodynamically
unlikely. Alternatively, the protein could locally disrupt the
structure of the bilayer, to produce a patch that is thin and
therefore detectable by the tip as a depression. Such a patch
might be sufficiently stable to persist for some time after
the protein itself has dissociated. There are at least two
reasons for favoring the latter explanation. First, the scanning
was carried out in tapping mode, which is specifically
designed to exert minimal lateral force on the scanned
objects. It is therefore unlikely that the tip is able to push
the protein particles off the bilayer. Second, areas of the
bilayer are seen in initial scans that have little bound protein
but many indentations. An extreme example is shown in
panels E and F of Figure 7. This structure was observed in
the first scan of this area of bilayer and therefore could not
have resulted from the removal of bound particles by the
Supported lipid bilayers with bound C2A (A and B) or C2BC ~ Scanning tip. We suggest that the incubation of C2AB with
F), at an initial concentration of kM, were produced from  the liposomes might have brought about the multiple
liposomes composed of DOPC and PS (3:1). (A and B) Low- and indentation of the bilayer. When the free protein was

high-magnification images of a bilayer showing bound C2A. Note ; ; ;

the presence of both globular particles and flat sheetlike structures.ﬁuzsequﬁn:!y v:/aslhed Iawaly, tfhe retsgltlrg)g t()jl'layekr)nglgh't f;]?ve

Indentations in the bilayer are clearly visible, often in association 'ad @ relatively low level ol protein binding but mig
contain many residual indentations.

with bound material. (C and D) Low- and high-magnification

images of a bilayer showing bound C2B. Note the presence of both kg e 8 shows the effect of two types of mutation on the
globular particles and wormlike structures. Again, indentations are . ¢ fi f C2AB with th red lipid bil P |
often associated with bound material. (E and F) Low- and high- 'Ntéraction ot With the supported lipid bilayer. Fanels
magnification images of an area of bilayer that had been exposedA and B of Figure 8 show the binding of C2AB harboring
to C2B containing numerous indentations but no bound particles. mutations in the Cd binding regions of both C2A and C2B
The scale bars refer to all images on either the left or the right. (C2Au—C2By; see above). It is clear that the binding density
The shade-height scale refers to panels E and F. was low, compared with that of wild-type C2AB (Figure

the shape of the indentation and the vertical profile (Figure 3C), and that the typical particle size was smaller. The
6C,D) changed between scans. Note that the profile in Figurefrequency distribution of molecular volumes (Figure 8C) had
6C shows that the indentation has a relatively flat bottom, tWO peaks, a sharp one at 120*hand a broader one at 240
~3 nm deep, lending support to our assertion that the nn?, indicating the presence of mainly monomers and dlr_ners.
scanning tip is indeed able to access the indentation fully. Note also that the bilayer was almost free of indentations.
Note also that proteins have disappeared from the bilayerPanels D and E of Figure 8 show the binding of C2AB
between scans, but not all have left indentations. Further-harboring a mutation in C2B in which two lysine residues
more, the relative positions of the particles and holes have (K326 and K327) in a normally positively charged region
shifted a little between scans. have been replaced with alanines [C2AB(KKJ, 13, 22,

We next asked whether the individual C2 domains, C2A 32. As for the C2A4—C2By mutant, the binding density
and C2B, were able to form aggregates on PS-containing®f C2AB(KK) was low, and the typical particle size was
bilayers and whether they too were able to induce the small; the peak of the frequency distribution shown in Figure
formation of indentations. As shown in panels A and B of 8F is 219 nr consistent with a predominantly dimeric
Figure 7, C2A bound efficiently to bilayers in the presence structure. Again, there are almost no indentations in the
of C&* and formed both multimeric particles and large bilayer. The effect of mutations in the €zbinding regions
sheetlike structures with a typical thickness of 2 nm. In of the C2 domains on the interaction of C2AB with the
addition, many indentations were seen, often in close supported lipid bilayer is unsurprising, since these regions
association with attached particles, which seemed to line theare known to become embedded in the bilay@rX1, 13,
edge of the indentations. C2B also formed large aggregatesl8, 27—30), and the effects of these mutations on C2AB
on the surface of the bilayers (Figure 7C,D). These were binding to liposomes are well-documented (e.g..lBf The
often elongated structures rather than sheets. C2B, too, causeeffect of the KK mutation is more difficult to explain,
the formation of indentations. Depths of the indentations seenespecially as the polybasic region of C2B where the two

10

0

200 nm

1um

Ficure 7: Individual C2 domains cause bilayer indentations.

with the individual C2 domains were 2.38 0.60 nm (SD;
n = 55) for C2A and 2.14+ 0.66 nm ( = 61) for C2B.
Both of these values are significantly larger than the depth

lysines reside is quite distant from the Zinding loops
and has been reported not to make intimate contact with the
surface of the membran&(@).
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Ficure 8: Mutations in C2AB perturb its interaction with the
bilayer. Supported lipid bilayers were produced from liposomes
composed of DOPC and PS (3:1) that had been incubated with
C2AB (initial concentration of kM) bearing mutations in the Ca
binding regions of both C2A and C2B domains (G2AC2Buy;
A—C) or in the positively charged region of C2B [C2AB(KK);
D—F]. (A and B) Images of an area of a bilayer showing a small
number of bound C24—C2By, particles. Panel B shows a high-
magnification image of the boxed area in panel A. Note the almost
complete absence of indentations. (C) Frequency distribution of
the molecular volumes of the bound CQAC2By, particles. The
peaks of the distribution are indicated. (D and E) Images of an
area of a bilayer showing a small number of bound C2AB(KK)
particles. Panel E shows a high-magnification image of the boxed
area in panel D. Again, note the almost complete absence of
indentations. (F) Frequency distribution of the molecular volumes
of the bound C2AB(KK) particles. The peak of the distribution is
indicated.

rapid mixing approach to compare the kinetics of lipid
association and dissociation of C2AB(WT) and C2AB(KK).

tyrosine residues in C2AB with dansyl-PE in liposomes. The
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Ficure 9: Kinetic analysis of the interaction of C2AB with lipids.
(A) Representative trace of the kinetics of?Cdriggered C2AB-
(WT)—liposome association (FI denotes fluorescence intensity). (B)
Representative trace of the kinetics ofGériggered C2AB(KK)-
liposome association. (&),swas determined by fitting the kinetic
traces with a single-exponential function and was then plotted as a
function of liposome concentration. Tlydntercept yields the off-
rate constantk(), and the slope yields the on-rate constagt)(
for the interaction of C2AB with PS-containing membranes in the
presence of Ca. Error bars represent SDs of three independent
experiments. Values df,, and k. for C2AB(WT) and C2AB-
) ) ~ (KK) are not significantly different® > 0.05). (D) Summary of

To discover more about the role of the polybasic region the values ofkon ko, and the dissociation constarid. (E)
in the binding of C2AB to lipids, we used a stopped-flow Representative trace of the disassembly kinetics of the C2AB{WT)
liposome complex. The rate constant for the fluorescence change,
kasiss Was calculated by fitting the kinetic traces with a single-
exponential function. (F) Representative trace of the disassembly
The assay uses fluorescence resonance energy transfer t@netics of the C2AB(KK)-liposome complex. Values dfiiss for
monitor the interaction of naturally occurring tryptophan and C2AB(WT) and C2AB(KK) are not significantly different.

liposomes contained 5% dansyl-PE, 25% PS, and 70%imaging experiments. Similar discrepancies have arisen
DOPC, a composition similar to that of the supported lipid previously in experiments designed to investigate the as-
bilayers in most of the AFM imaging experiments. Note that sociation of isolated C2B with PS-containing liposomes, and
in these kinetic experiments, synthetic PS was used insteadt has become clear that the reported behavior of C2B
of the brain-derived PS used in the AFM experiments. It depends on the assay system used. For instance, it was found
has been shown previously that the behavior of C2AB with that C2B, immobilized as a GST fusion protein, binds
respect to bilayers containing these two types of PS is very radiolabeled liposomes only weakly in pull-down ass&ys (
similar (11). Panels A and B of Figure 9 show representative 32), whereas C2B efficiently cosediments with liposomes
traces of the association kinetics of C2AB(WT) and C2AB- (32). The effect of the KK mutation is also assay-dependent.
For example, it had no effect on the interactions of C2B
versus liposome concentration is shown in Figure 9C. This with PS-containing liposomes, as monitored using either
fluorescence resonance energy transfer, a membrane penetra-
Experimental Procedures (Figure 9D). Representative tracedion assay, or pull-down of radiolabeled liposomes, and yet

it abolished the cosedimentation of C2B with liposon3.(
shown in panels E and F of Figure 9. It was found that the The same mutation also reduced the apparefit &tinity
assembly and disassembly kinetics of C2AB(WT) and of C2AB for PS-containing liposomes, as measured in a
cosedimentation assay4), and compromised the ability of
contrast to the large difference in their behavior in our AFM C2B to aggregate liposomes, leading to the proposal that

(KK), respectively, in the presence of €aA plot of Kops
plot was used to determirg, Ko, andKq, as described in

of the disassembly kinetics following removal of Care

C2AB(KK) were not significantly differentf > 0.05), in
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the polybasic region might be involved in the anchoring of indentations seen here with C2AB. Interestingly, however,
the synaptic vesicle membrane to the plasma membranethe 50-kDa C-terminal region of the tetanus toxin heavy
during exocytosis 46). To account for the discrepancies chain, which mediates the binding of the toxin to the
between the results produced using different assays, it hagyanglioside Gy, has recently been shown by AFM ana-
been suggested that cosedimentation of syt with liposomeslysis to cause the formation of 40 nm diameter and 1.5
requires an additional property (possibly the ability to nm deep indentations in supported lipid bilayet8)( These
aggregate) that depends on the polybasic red@@h (n this indentations developed slowly (i.e., ovetl2 h) and were
context, it should be noted that, as in our experiments, thevery stable. Total internal reflection fluorescence micro-
KK mutation abolished the oligomerization of C2AB on lipid scopy conducted in parallel with the AFM analysis indi-
monolayers, as visualized by electron microscopg).( It cated that the toxin fragment was present within the
should also be borne in mind that in the kinetic experiments, indentations. The ganglioside binding region of this tetanus
where the lipid:protein ratio is relatively high, most C2AB toxin fragment has a predominantly positively charged
molecules will be bound to the membrane. Under these surface. Significantly, a number of previous studies have
conditions, the small difference in the affinity of binding found that other polybasic molecules cause the production
between C2AB(WT) and C2AB(KK) might not be detected. of indentations in lipid bilayers similar to those seen in our
In contrast, in most of the AFM experiments, the lipid:protein experiments. In some cases, for example with pelysine
ratio will be lower so that only a fraction of the C2AB and poly(ethyleneimine), these features are actually trans-
molecules will be bound to the bilayer. Under these condi- bilayer holes that have been shown to be associated with
tions, differences in behavior between C2AB(WT) and the permeabilization of the bilayerd9). In other cases, for

C2AB(KK) might be more obvious. example with diethylaminoethyldextran, the indentations are
too shallow to completely penetrate the bilayer, as seen in
DISCUSSION our experiments49). These polybasic molecules [e.g., poly-

. . .. (amidoamine)] have also been found to line the edges of
We have shown that syt associates with PS-containing lipid o indentations50), as we have found, particularly with

bilayers in the form of aggregates of varying stoichiometry. ¢ isolated C2 domains. Furthermore, the binding of the
These aggregates are seen at both low (2.5 nM) and high (lpolybasic antimicrobial peptide MSI-78 to dimyristos-
#M) concentrations of syt. Hence, aggregation appears 10 gvcero-3-phosphocholine bilayers has been shown by AFM
be independent of the extent of saturation of the bilayer by ;"4 ,se thinning of the bilayer by just more than 1 1)
syt. In addition, the binding of syt to the bilayers caused the ¢ course, both C2 domains of syt have predominantly

perturbation of the bilayer structure, producing relatively positively charged surfaces in their Cebound statesA( 5).

stable indentations. It has been shown previously, using, aqgition, the C2B domain contains a prominent polybasic
changes in the emission characteristics of strategically placedregion @, 3). Reduction of the positive charge on this

fluorescent probes, that both C2A and C2B are able 10 rgqign by the introduction of neutralizing mutations is known
penetrate the bilayer in response t¢Chinding ©-11,13 4" interfere with syt's ability to support neurotrans-
18, 27). Specifically, loops 1 and 3 of both C2 domains dip - itter release in vivo¥4, 52, 53. In our experiments, these

into the bilayer in response to €abinding. Fluorescence 1 tations significantly reduce both the level of association
quenching experiments revealed that the tip of C2A can 4t coaB with the supported lipid bilayers and the extent of
penetrate to a depth of1.5 nm @, 27), similar to the depth  ganeration of bilayer indentations. The importance of the
of the_: indentations seen with C2AB in our _expenme_nts. I_n positively charged surfaces of €aiganded syt with re-
addition, others have concluded, on the basis of studies usingypet 1 'its ability to interact with bilayers and to function
site-directed spin labeling of C2AB, that both C2 domains jy, yivo supports the suggestion that membrane perturbation
penetrate to a depth of1 nm @30). by syts C2 domains might be key to its physiological
Since it is known that perturbation of the bilayer structure function.
can under some circumstances trigger the fusion of lipid
bilayers (e.g., re#43), the bilayer perturbation caused by REFERENCES
C2AB might be significant with respect to the role of syt as )
a Ca&" sensor for neurotransmitter release. It should be % ?ﬁgzﬁqfs' (Slggr?éggﬁj rﬁlease of neural transmitter substances
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