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Phosphatidylserine Inhibits and Calcium Promotes Model Membrane
Fusion
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ABSTRACT PEG-mediated fusion of SUVs composed of dioleoylphosphatidylcholine, dioleoylphosphatidylethanolamine,
sphingomyelin, cholesterol, and dioleoylphosphatidylserine was examined to investigate the effects of PS on the fusion mech-
anism. Lipid mixing, content mixing, and content leakage measurements were carried out with vesicles containing from 0 to
8 mol % PS and similar amounts of phosphatidylglycerol. Fitting these time courses globally to a 3-state (aggregate, interme-
diate, pore) sequential model established rate constants for each step and probabilities of lipid mixing, content mixing, and
leakage in each state. Charged lipids inhibited both the rates of intermediate and pore formation as well as the extents of lipid
and contents mixing, although electrostatics were not solely responsible for inhibition. Ca®>" counteracted this inhibition and
increased the extent of fusion in the presence of PS to well beyond that seen in the absence of charged lipids. The effects of
both PS and Ca®* could be interpreted in terms of a previous proposal for the nature of lipid fluctuations that account for
transition states for the two steps of the fusion process examined. The results suggest a more significant role for Ca®*-lipid

interactions than is acknowledged in current thinking about cell membrane fusion.

INTRODUCTION

Lipid bilayers form the core structure of the natural mem-
branes that envelop eukaryotic cells and subdivide them
into compartments with different structural and functional
identities. The compositions of natural membranes are com-
plex, with different lipids likely having distinct roles in
membrane function. Phosphatidylcholine (PC), phosphati-
dylethanolamine (PE), SM, CH, PS are the predominant
lipid species of mammalian membranes. Although PC, PE,
and SM are zwitterionic, PS is anionic at physiological
pH. Anionic (or acidic) lipids, when present in substantive
amounts, should endow membranes with a sizable electro-
static potential, and facilitate avid binding of proteins with
cationic clusters (2), although this view is not universal (3,4).

Membrane fusion is defined as the joining of two closely
opposed lipid bilayers to form a single bilayer with minimal
leakage of content. It is of central importance in the life of
eukaryotic cells and also in the life cycle of such deadly
viruses as influenza, human immunodeficiency virus, and
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hepatitis virus. Despite intensive research over the past
40 years, the detailed molecular mechanism of membrane
fusion remains one of the central unsolved problems of
membrane biophysics. Most current models of fusion
assume that fusion proceeds through an initial stalk inter-
mediate (5) that translates through a second intermediate
(extended frans-membrane contact) (6) to fusion pores.
The first and last steps (stalk and final pore formation,
respectively) involve complex lipid rearrangements associ-
ated with changes in topology of the initial and final states
for these steps (1). It is now reasonably well accepted
that, although proteins catalyze the lipid rearrangements
needed for all three steps (7), biomembrane fusion is exqui-
sitely sensitive to lipid composition (8). PC and PE have
opposing effects on bilayer hydration and therefore on the
force required to bring bilayers to an interbilayer separation
small enough for fusion to occur (9). Interestingly, the molar
ratio of PC, PE, CH, and SM that proves optimal for PEG-
mediated model membrane fusion (DOPC/DOPE/SM/CH:
35/30/15/20) is roughly that found in mammalian mem-
branes (10), including neuronal membranes and synaptic
vesicles. However, apart from the PC, PE, SM, and CH,
synaptic vesicles contain a significant amount of PS (11),
and incorporation of PS into vesicles composed of PC/PE/
SM/CH (35:30:15:20) actually inhibited PEG-mediated
model membrane fusion (10). Despite its inhibitory effect,
PS is required for 1), Ca®*'-synaptotagmin-1 stimulated
liposome fusion (12); 2), membrane binding of the fusion
peptide of fertilin (13); and 3), synaptobrevin-modulated
fusion of vesicles with plasma membrane (14); and 4), ob-
serving the ability of reconstituted neuronal SNARE pro-
teins to promote PEG-mediated model membrane fusion
(15). In part because of this, some of the earliest studies
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of fusion in model systems involved membranes composed
of pure PS or of mixtures of 1/1 PS/PC treated with Ca*"
(16-18), although it was controversial whether the phenom-
enon studied was fusion or Ca®-induced phase separation
(19,20). In addition, both the Ca®" concentrations (1 mM
for pure PS, >4 mM for PS/PC) and PS membrane contents
used in these studies were far from those associated with
fusion in vivo.

In view of this discussion, it is clearly of interest to under-
stand how PS might modulate membrane fusion and how the
presence of Ca®" might influence the effects of PS. One
possibility would be that the negative charge of PS should
inhibit the close approach of membranes required to form
the initial fusion intermediate (9), thus inhibiting the initial
step (stalk formation) in fusion. Could PS also alter the subse-
quent step (pore formation) of the process? Because Ca*" is
known to form a stoichiometric complex with PS resulting in
a semicrystalline dehydrated phase (19), could Ca®" specifi-
cally modulate the effects of PS on fusion kinetics? Could the
effects of Ca®* on fusion of PS-containing model membranes
provide insights into how Ca*" might function in the fusion
of mammalian membranes that contain ~8—10 mol % PS?

We recently showed that a one or two intermediate, se-
quential kinetic model that derives from the widely accepted
stalk model for the fusion mechanism accounts for the time
courses of PEG-induced fusion in a variety of systems
(1,21,22). This model accounts for observed fusion kinetics
in terms of an aggregated starting state (A), intermediate
states (I; and I, for two intermediate or I for one interme-
diate model), and a final fusion pore state (FP). Using this
approach, we have evaluated the effect of dioleoylphospha-
tidylserine (DOPS) and another acidic lipid (dioleoylphos-
phatidylglycerol, DOPG) on the kinetics of the fusion
process in model membranes composed of dioleoylphospha-
tidylcholine (DOPC), dioleoylphosphatidylethanolamine
(DOPE), SM, and CH. We have shown that 1), PS inhibits
the rates and extents of both intermediate and FP formation,
2), inhibition of the first step involves a significant electro-
static effect but apparently effects that are specific to PS,
3), near physiological concentrations of free Ca®" promote
fusion if membranes are close, and 4), Ca** plus acidic lipid
synergistically promote both the extent and rate of pore
formation in a way that is specific for PS.

EXPERIMENTAL SECTION

Materials and Methods commonly used in our lab are
described in the Supporting Material.

Measurement of vesicle aggregation and
aggregate ensemble size

The time course of PEG-induced SUV aggregation (0.2 mM
total lipid) was followed via turbidity at 400 nm (Perkin-
Elmer Lambda 25 spectrophotometer; PerkinElmer), where-
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as SUV aggregate size was determined by quasielastic
dynamic light scattering using a DynaPro Plate instrument
(Wyatt Technology).

Measurement of free calcium concentration

Free calcium concentrations in buffer (10 mM TES, 100 mM
NaCl, ImM EDTA) with SUVs (0.2 mM lipid) were deter-
mined at different added calcium concentrations in the range
of 10 uM to 10 mM using a standard curve (Fig. S3 in the Sup-
porting Material) constructed with the use of a calcium selec-
tive electrode (detectlON, Nico Scientific, Philadelphia, PA).

Recording and analyzing fusion time courses

Experimentally, the fusion process was tracked by moni-
toring LM between vesicle membranes LM, CM between
vesicle compartments and content leakage (L)(1). We ana-
lyzed our kinetic data in terms of the sequential one interme-
diate model described in detail earlier (21). SUVs (0.2 mM
lipid) are brought rapidly into close contact by mixing with
PEG to form an aggregated (A) state. In our model, the A
state forms a fusion intermediate (I, stalk-like) at a rate &,
which then converts to a FP at rate k3 (see following scheme).
Note that the second rate is written as k3 for consistency with
the general treatment in which the FP-forming step follows
a second intermediate and is labeled 3 (1,21).

A —8>» 1 —S FP
[CM,LM, L] [CM,LM,L

CM and LM are considered to occur in the states with
probabilities «; (CM) and B; (LM), whereas leakage from
each state is considered to occur with a rate A;. In all, a total
of seven parameters (two rate constants, two «;, §;, and three
;) are required to describe three double exponential curves,
which in theory can define 9—12 parameters, guaranteeing
that the model is not underdetermined (1). We note that
the events we observe (CM, LM, L) are not reversible,
and thus our observations are not linear in intermediate
and/or pore formation (i.e., once an intermediate or pore
forms between two vesicles, formation of a second interme-
diate or pore between these same two vesicles is invisible).
This nonlinearity of experimental observables with initial
intermediate or FP formation is properly accounted for in
Egs. 6 and 7 and Appendix I of Weinreb et al. (21). The
model and details of the analysis are described in more
detail in the Supporting Material.

RESULTS
Effect of DOPS on PEG-mediated SUV fusion

Fusion of SUVs with an optimal fusogenic composi-
tion (DOPC/DOPE/SM/CH:35/30/15/20) was inhibited by
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inclusion of PS (DOPC/DOPE/SM/CH/PS:30/25/15/20/10)
in single-point assays at different concentrations of PEG,
a situation that we speculated (10) might be due to charged
lipid interfering with interbilayer close contact required for
fusion (9). In initial experiments at 0.2 mM lipid, 23°C, and
5 wt % PEG, at which we carry out most kinetic studies, the
rate of fusion of PS-containing vesicles were too slow for
useful measurements. For this reason, fusion time courses
reported here were obtained in the presence of 6-wt %
PEG, which was sufficient to promote fusion of the charged
vesicles but still left fusion of uncharged vesicles ex-
perimentally accessible. Fig. 1 shows time courses of LM,
CM, and content L at 23°C of vesicles with increasing
mole fractions of DOPS. DOPS content modulated both
LM and CM, suggesting that DOPS did more than just
impede the close approach of vesicle membranes. The
parameters obtained from fitting the kinetic data to the
single intermediate sequential model are presented in
Table S1. The rates of intermediate formation (k;) and pore
formation (k3) decreased continuously with increasing
DOPS concentration in the membrane (Fig. 2, inverted
closed triangles). The extents of LM and CM (%LM
~50%; %CM ~18-21%) changed insignificantly for DOPS
contents up to 6 mol %, although there was a sharp drop in
both at 8 mol % PS (Fig. 2, C and D). The probability that
productive contacts led to transient pores in the intermediate
(ay) increased up to 6 mol % DOPS, except at 8§ mol %, where
both «; and §; dropped significantly (Fig. 2, F and G).
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Comparison of DOPS and DOPG effects on
PEG-mediated SUV fusion

Because our working hypothesis was that PS inhibits fusion
because of its charge (10), we performed experiments with
another acidic lipid, DOPG. Fig. 1 also includes representa-
tive time courses of LM, CM, and content L of vesicles with
an increasing fraction of DOPG content. Analysis of these
kinetic data led to the parameters presented in Table S2,
with these plotted in Fig. 2 (open triangles) along with
results for DOPS. The influence of DOPG on initial interme-
diate formation and LM were very similar to the effects of
DOPS (Fig. 2, A, C, and E), except that DOPS inhibited
the rate of I formation somewhat more effectively than did
DOPG. To remove the complication that DOPG produced
a somewhat more negative surface potential than DOPS in
SUVs (Fig. S1), we also plotted k; in terms of surface poten-
tials in the inset to Fig. 2 A and saw that it decreased linearly
with surface potential for DOPG vesicles but more rapidly
for DOPS vesicles. This suggests that the influence of
DOPG on k; is related to surface potential, in agreement
with our initial hypothesis (10), but that some other, head-
group-specific, effect contributes slightly for DOPS. The
rate of pore formation (k3) varied similarly (roughly qua-
dratically) with DOPG or DOPS contents up to 6 mol %
DOPS (Fig. 2 B), but did not vary similarly with the surface
potentials of these two types of vesicles in that DOPS was
more inhibitory at a given surface potential (Fig. 2 B, inser).
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DOPS appeared as well to have a somewhat more inhibitory
effect on the extent (%CM) of pore formation (Fig. 2 D).

Membrane physical properties

To ask whether DOPS might somehow influence outer
leaflet or interfacial order, we examined the properties of
a series of membrane probes that depend on interface and
outer leaflet structure (22,23). The fluorescence anisotropy
of DPH, the fraction of CsqNBD-PC in the membrane outer
leaflet, the ratio of fluorescence lifetime of TMA-DPH
incorporated into SUVs in D,0 versus H,O buffers (tpyo/
Tao) were all found to be insensitive to the DOPS contents
in a membrane from Xpg = 0 to 0.1 (data not shown). The
decrease in TMA-DPH anisotropy at 8 and 10 mol %
DOPS was however significant (Fig. S2), suggesting a
unique ability of DOPS to disorder the interface in the phys-
iological concentration range.

PEG-mediated vesicle aggregation

PEG is a hydrophilic polymer that promotes SUV aggrega-
tion by producing a layer of higher activity water at a vesicle
surface that can be reduced by close contact between mem-
branes. Increasing PEG concentration increases this osmotic
effect and drives the membranes into even closer contact
(24). To apply our model for fusion, the aggregation of vesi-
cles should occur on a shorter timescale than intermediate

vidual analyses generally fell within these error
bounds, as expected for a normal distribution.

formation and fusion. We monitored PEG-mediated vesicle
aggregation kinetics by monitoring turbidity at 400 nm
using a spectrophotometer. Rapid mixing of PEG with vesi-
cles in a cuvette, using the same procedures we used to
follow LM and CM experiments, revealed a very rapid
rise in turbidity (Fig. 3 A) that could be described adequately
only with three exponentials, yielding three rate constants:
ktast> kine and kg oy Table S3 gives these constants as a func-
tion of DOPS vesicle content. There are two key observa-
tions derived from these data. First, the fast rate constant
is roughly 20 times larger than k; values collected in Table
S1, meaning that aggregation is much faster than the first
step. This fast rate decreased as the DOPS content
increased, as expected if electrostatics play a role in inhibit-
ing vesicle aggregation, but kg, => k; at all DOPS contents.
We conclude that DOPS does not slow aggregation suffi-
ciently that it becomes rate limiting in our measurement.
Second, we note that k;,, and kg, approximate k; and k3
for the fusion process, meaning that turbidity changes are
likely due to membrane structural changes associated with
intermediate and final pore formation during fusion, consis-
tent with our original report that 90° light scattering is one of
five observables that can be described by our fusion model
without introducing additional rate constants (21). This
interpretation is also consistent with our observation of
a slow (normalized rates roughly equal to k3) increase in
mean particle diameter as fusion proceeds beyond the rapid
formation of initial intermediate (Fig. 3 B). The data in
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FIGURE 3 PEG-induced aggregation of vesicles at different mol % of
PS. (A) Time dependence of sample turbidity at 400 nm for SUVs (see
the Supporting Material) treated with 6% PEG at time 0. Samples and
PEG stock were incubated 23°C before mixing (see Lipid Mixing Assay
in the Supporting Material for details). The data were reasonably well
described by the sum of three exponentials (black lines). (B) Average
(assuming a single Gaussian distribution) hydrodynamic radii of vesicles
treated with PEG as a function of time after PEG addition. Color code:
red, 0 mol % DOPS; green, 2 mol % DOPS; blue, 4 mol % DOPS; pink,
6 mol % DOPS; drab green, 8 mol % DOPS.

frame B of Fig. 3 show that the size of the final fusion
product decreased with increasing DOPS content, however,
even at 8 mol % DOPS, aggregates were on the order of
1000 nm.

Increased PEG concentration overcomes the
effect of charge

If the major effect of DOPS reported thus far at 6 wt
%-PEG (Fig. 2) were to inhibit aggregation and close
approach of membranes due to electrostatic repulsion, use
of a higher concentration of PEG should then exert a
larger osmotic pressure that might restore fusion to the
extent seen in the absence of charged lipid. Fig. 4 shows
that increasing PEG concentration increased the extents
of LM and CM, kq, k3, and (3. Indeed, increasing the aggre-
gating concentration of PEG to roughly 7.5 wt % led
to values of ki, 8y, %LM, and %CM comparable to
parameters obtained with vesicles lacking DOPS but
aggregated by 6 wt % of PEG (Fig. 4). This is consistent
with our hypothesis that a significant part of the inhibitory
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effect of DOPS on fusion is associated with electrostatic
repulsion that can be overcome by an increased osmotic
force.

Calcium plus acidic lipid promote PEG-mediated
fusion of vesicles

Fig. 5 summarizes the effects of free calcium concentration
on the kinetics of 6 wt % PEG-mediated fusion of SUVs
containing 0% acidic lipid (A ), 8 mol % DOPS (@), or
8 mol % DOPG (O). The effects of Ca>" on fusion of
0 mol % acidic lipid vesicles ( A) were minor as compared
to effects on fusion of acidic-lipid-containing membranes.
Calcium increased the rate of initial intermediate formation
(k1) at or above 0.2 mM in the presence of DOPS-contain-
ing membranes but had little effect on k; up to 0.4-0.5 mM
for vesicles containing DOPG (Fig. 5 A). For neither lipid
was Ca’" able to recover k; values comparable to those
observed in the absence of acidic lipid (Fig. 5 A). The
extent of lipid mixing (%LM) between DOPS-containing
vesicles increased most dramatically with Ca>* concentra-
tion but plateaued by 0.4 mM, although it increased up to
and beyond 0.9 mM for DOPG-containing vesicles, where
%LM slightly exceeded that obtained with neutral lipid
vesicles (Fig. 5 C). The fraction of total LM that occurs
in the first intermediate state ((3;) increased for both
DOPG-and DOPS-containing vesicles starting around
0.2 mM Ca’", with the increases in these quantities
paralleling each other (Fig. 5 E). The ability of Ca®" to
increase the rate of pore formation (k3) was roughly equal
for vesicles containing either DOPS or DOPG, and this
increase occurred over a broad range of Ca®" concentra-
tions (0.2 to 0.9 mM), leading to rates comparable to
(DOPS) or perhaps greater than (DOPG) those observed
in the absence of acidic lipid by 0.9 mM Ca** (Figs. 5
B). DOPS and to a lesser extent DOPG inhibited the extent
of CM (Fig. 2 D), but Ca”" relieved this inhibition dramat-
ically in the range of 0.2 to 0.4 mM, especially for DOPS
(Fig. 5 D). A most remarkable result is that the extent of
content mixing (%CM) for DOPS-containing vesicles at
high Ca®" concentration was significantly larger than
observed at that Ca®" concentration in the absence of any
acidic lipid, a result that was less evident for DOPG
(Fig. 5 D).

We hypothesized that the role of Ca*" was simply to
allow closer apposition of vesicles. To test this, we used
7.5 wt % PEG to trigger fusion of 8 mol % DOPS vesicles
at increasing Ca®>" concentrations (Fig. S5), expecting to
find that this higher concentration of PEG would reduce
the concentration of Ca>" needed to overcome the inhibitory
effect of DOPS or DOPG. Both k; and k53 were higher in the
presence of 7.5 wt % PEG as expected, however, surpris-
ingly, the threshold Ca®" concentration required for rate
enhancement increased to ~0.7 mM from ~0.2 mM observed
at 6 mol % PEG (Fig. 4, Fig. S5).
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Effects of acidic lipids

The results presented here show that, beyond a clear electro-
static influence, there appears to be an element of headgroup
specificity in the effects of DOPS and DOPG on fusion. We
note that acyl chain identity could affect fusion as well, but
this is beyond the scope of the current study, in which we
focused on the very simple species DOPC, DOPE, DOPG,
and DOPS. A second significant conclusion is that acidic
lipids influence initial intermediate and pore formation in
different ways, thus, probably by different mechanisms.
Acidic lipids reduced k; largely according to surface poten-
tial (modified to some extent by specific effects for DOPS),
whereas k3 decreased roughly with the square of acidic lipid
content. The different effects of acidic lipid concentration
on the probabilities of LM (8;, Fig. 2 E) and CM («;,
Fig. 2 F) in the intermediate state also support our conten-
tion that acidic lipids influence the processes of initial inter-
mediate and pore formation differently. As for %LM, 8, was
unaffected by increasing mole fraction acidic lipid at low
acidic lipid content, whereas «; increased up to 6 mol %
acidic lipid. The dramatic drop in %LM and (3, at
8 mol % acidic lipid likely caused the corresponding drop
in %CM, because a pore cannot form without productive
intervesicle contact. We note with interest that the cell
membrane content of PS in many mammalian membranes

in which acidic lipids significantly inhibited both productive
intermediate and pore formation.

Effects of calcium in the presence of DOPS

We have come to three conclusions regarding the ability of
Ca”*" to relieve acidic-lipid inhibition of PEG-mediated
fusion. First, fairly low concentrations (0.2 to 0.4 mM) of
Ca®>" overcame DOPS’s inhibition of the extents of LM,
CM, and the probability of LM in the intermediate (8;) in
the presence of 6 wt % PEG (Fig. 5, C, D, and E).
These concentrations are well below the concentrations
(1-5 mM) thought to be required to trigger fusion of PS-
containing membranes (16-18), and are on the order of
the free Ca®" concentration reported to produce half
maximal release of synaptic vesicles (~200 uM) (25).
Although PEG (6 wt % for, membranes containing 8 mol
% DOPS) is required to bring membranes into the 5 A inter-
leaflet separation needed to trigger fusion (9), it is reason-
able to presume that PEG-mediated vesicle aggregation
lowers Ca*" concentrations needed to overcome the inhibi-
tory effects of 8 mol % DOPS in our vesicle system. Fusion
in vivo requires proteins that bring highly curved mem-
branes into close contact with less curved membranes,
whereas our studies use PEG to bring pairs of highly curved
vesicles into close contact. Although it is generally believed
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that the role of Ca®" in synaptic vesicle release is to trigger
changes in synaptotagmin (or other proteins) that then
trigger fusion (26), the results presented here suggest that
we should not rule out direct effects of Ca*" on closely
opposed membranes under appropriate conditions of close
approach.

Second, whereas Ca®" increased the rates of both initial
intermediate and pore formation over a broader range of
concentration, these rates never exceed those seen in the
absence of acidic lipids. However, Ca”" increased the extent
of pore formation (%CM) between vesicles with 8 mol %
DOPS well beyond that seen in the absence of PS and in
a concentration range that is close to physiological (Fig. 5,
B and D). The fact that %CM increased in a sharply
sigmoidal fashion whereas «; increased over a broader
range (Fig. 5, D and F) means that between 0.2 and
0.4 mM Ca*", the effect of Ca®>" was primarily to promote
final pore formation, especially for DOPS-containing vesi-
cles. The sigmoidal increase in §; for DOPS vesicles over
the same concentration range (0.2 and 0.4 mM) is consistent
with the expectation that a stable semifused intermediate
state is needed before FP formation and that Ca®" promotes
formation of this in the presence of DOPS.

Third, Ca®" does not function analogously to PEG in
initial intermediate formation, i.e., by promoting a closer
approach of bilayers containing PS. If it did, increasing the
aggregating PEG concentration should have lowered the
threshold Ca”" concentration needed to promote the rate
of intermediate formation, which it did not (Fig. S5 A).
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curves were obtained as in Fig. 4 except that poly-
nomial functions were also considered.

Indeed, this threshold increased significantly, suggesting
that Ca®" and PEG worked at opposite purposes in this
instance. Because there are no reports of significant interac-
tions between Ca’" and PEG, our interpretation is that
increased PEG concentration makes it more difficult for
Ca”" to reach the increasingly dehydrated and diminished
interbilayer space where it can shield DOPS-DOPS or
DOPG-DOPG repulsions and permit a closer approach of
cis leaflets, as needed for formation of the transition state
between the A and I state. Similarly, increasing the PEG
concentration dramatically increases the Ca®>" threshold
concentration at which the rate of final pore formation
increased (Fig. S5 B). Although we have no clear interpreta-
tion of these opposing influences, this observation provides
insight into possible molecular mechanisms by which Ca®"
influences the rate of pore formation. We conclude that the
role of Ca*" in fusion of PS-containing membranes goes
well beyond reducing membrane-membrane electrostatic
repulsion.

Mechanistic interpretations of effects of acidic lipids on fusion

Intermediate formation. We argue elsewhere on the basis
of activation thermodynamics measurements that the transi-
tion state between the aggregated vesicle state (A) and the
intermediate state involves lipid acyl chain movement into
the dehydrated interbilayer space between contacting cis
leaflets (1), as predicted by a recent molecular dynamics
simulation (27). In the context of this mechanistic model,
surface charge would limit close approach of the contacting
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cis leaflets and should thus decrease the likelihood that two
monolayers could get close enough to share lipid acyl chains
(i.e., k; should decrease in proportion to surface potential,
Fig. 2 A, inset). However, this occurred only for DOPG
(Fig. 1 A, inset). The cause of the additional inhibitory effect
of DOPS (Fig. 2 A, inset) is unknown, although we can
suggest at least two possibilities. DOPS at pH 7.5 is triply
charged (phosphate and carboxyl negative; amine positive)
and under these conditions, the serine group extends away
from the plane of the bilayer roughly parallel to the axis
of the molecule to move it away from the phosphate (28).
A molecular dynamics simulation also predicts such a
conformation with extensive H-bonding associated with
the amine of the serine headgroup, reducing the DPPS
cross-sectional area in the bilayer and increasing acyl chain
order (4). This extended conformation could not be stabi-
lized by H-bonding for DOPG, suggesting that PS may
provide an additional steric inhibition to close approach of
fusing membranes. Water is also purported to be ordered
in the interbilayer space at close interbilayer approach
(29), and this ordering will certainly vary with the nature
of acidic lipid headgroups present in the bilayers, although
no specific data is available.

Productive intermediate stability. In contrast to k; and (8,
%LM decreased very little with acidic lipid content up to
6 mol %. Together these quantities define the probability
of productive contacts between vesicles in the intermediate.
This probability is a measure of thermodynamic stability of
intermediate rather than the rate of reaching it. The inter-
mediate state is generally viewed as having a structure in
which contacting (cis) leaflets have merged but noncontact-
ing (trans) leaflets have not, such that the merged cis leaflets
experience significant negative curvature stress at the point
of closest cis leaflet contact (stalk-like in Fig. S6). Because
of electrostatic interactions, charged lipids partition into
regions of positive curvature stress (30) and should avoid
the negatively curved edge of the intermediate state. At
low acidic lipid concentrations, this is easy to accomplish,
but at increasing acidic lipid concentrations, the entropic
cost of avoiding this edge region should overcome the
enthalpic cost of occupying the region, explaining why the
stability of intermediate could remain roughly unaffected
by DOPS content up to 6 mol %, however, at 8 mol % acidic
lipid, %LM dropped dramatically (Fig. 2 C).

Pore formation. The correlated lipid movement hypothesis
for pore formation posits correlated movement of lipids into
the hydrophobic defect region at the edge of the diaphragm
intermediate structure (1). Lipid movement from unfused
trans leaflets is assumed to correlate with movement of lipid
from the joined cis leaflets is proposed to lower both inter-
stice energy and reduce curvature stress at the same time,
although at a large entropic cost (1). The transition state
between the intermediate and final pore state is seen as
involving a very large ensemble of structures called ex-
panded frans-membrane contacts comprising a bilayer dia-
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phragm separating two unfused compartments (ETMC in
Fig. S6) (31). Expansion of this diaphragm is favored
by decreased curvature stress but opposed by increasing
unfavorable interstice energy (31). These correlated lipid
movements/fluctuations are expected to be unfavorable due
to movement of two or more acidic lipids with polar head
and associated water molecules into a hydrophobic environ-
ment, but are possible because of the very large number of
possible microstructures that can occur at the edge of the
ETMC diaphragm. The probability of such correlated fluctu-
ations should decrease in proportion to some power of acidic
lipid content because of the electrostatic repulsion expected
for two similarly charged headgroups. This offers a reason-
able explanation for why k5 decreases roughly quadratically
with acidic lipid content except at 8 mol % DOPS,
which is more inhibitory than DOPG (Fig. 2 B). Reported
H-bond-mediated intermolecular interactions between PS
headgroups (4,28,32) would presumably make correlated
movement of only two PS molecules more difficult at higher
DOPS content, potentially limiting the number of micro-
structures contributing to the transition state ensemble, thus
further decreasing k3. Increased PEG concentration creates
a compressive force (33) that can potentially be accommo-
dated by movement of lipid into interstices (31) and reducing
interstice energy, this will tend to expand the ETMC dia-
phragm. This expansion increases the edge circumference
at which fluctuations can occur and should thus provide
a favorable entropic contribution to I — FP transition state
formation, leading to an increase in k3. Thus, according to
our model of this transition, increasing PEG concentration
overcomes the inhibitory influence of DOPS.

Mechanistic interpretations of effects of calcium on fusion of
DOPS-containing vesicles

Intermediate formation. Ca>" increased k, of PEG-medi-
ated fusion of DOPS- and DOPG-containing vesicles
(Fig. 5, A and B), but not to the values in the absence of
acidic lipid (Fig. 5 A). Because DOPG inhibition of step 1
appeared to be primarily electrostatic in nature, we presume
that Ca®™ might to some extent penetrate the interbilayer
space and reduce this effect. We have shown that the effects
of DOPS are not simply electrostatic in nature and there is
no reason to expect that Ca*" and DOPS would work in
concert according to this simple picture. So, how might
Ca”*" modulate the mechanism of intermediate formation
differently for DOPS-containing versus DOPG-containing
membranes? Ca>" induces (PS),Ca’" complexes between
bilayers (34) and within bilayers (35), leading to microclus-
tering. The intrabilayer complex limits the conformational
freedom of PS to mainly two slowly interchanging con-
formations that occur in each complex. The interbilayer
complex promotes a dehydrated chocolate phase long
known to be the end product of mixing Ca*" with pure PS
vesicles. In either case, PS headgroups become condensed
in the complex, whereas acyl chains remain quite fluid
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(34,35). Although no data exist on headgroup condensation
of DOPG due to association with Ca”, one presumes that
Ca”" might produce at least some headgroup condensation,
although probably not to the extent documented for PS. In
the acyl-chain protrusion model for the A — I transition
state (1), close approach of bilayers leads to many energet-
ically unfavorable and entropically favorable microstruc-
tures in which single acyl chains migrate from monolayer
interiors into the partially dehydrated interbilayer space
and into the adjacent monolayer. Headgroup condensation
should increase the exposure of acyl chains to water in
membranes and promote this phenomenon. This is expected
to decrease the free energy required for a fluctuation of an
acyl chain into the interbilayer space. By this reasoning,
one might expect that Ca>" would promote intermediate
formation between DOPS-containing membranes at rates
as large as and perhaps larger than those seen for DOPG,
which is not the case. However, Chakraborty et al. (1)
proposed that a wide range of similar microstructures
contributes to the transition state ensemble for step 1, result-
ing in large activation entropy that partially overcomes unfa-
vorable enthalpic effects and makes intermediate formation
possible on a reasonable timescale. Because PS in the PS,-
Ca’" complex has reduced conformational mobility, this
may explain why Ca®" cannot promote intermediate forma-
tion at a rate even greater than for bilayers containing
DOPG. We conclude that the acyl chain protrusion model
for the initial fusion transition state offers a reasonable
mechanistic interpretation of our results for the effects of
Ca*" on fusion with both acidic lipids.

Productive intermediate stability. Although acidic lipids
had little or no inhibitory influence on the formation of
productive intermediates at low acidic lipid contents, Ca*"
increased the extent of lipid mixing (%LM; Fig. 5 C) and
made LM more likely early in the fusion process (increased
B1; Fig. 5 E), meaning that Ca®" favored formation of produc-
tive intermediates in the presence of acidic lipids. Of partic-
ular interest is the fact that, although this occurred over
a broad range of Ca®" concentration for DOPG, it occurred
with DOPS over a physiologically relevant concentration
range. This can be understood in terms of the same concepts
of extreme negative curvature stress at the edges of the stalk
intermediate. The ability of Ca®" to form intralamellar
PS,Ca”*" complexes with reduced headgroup cross section
should significantly stabilize the intermediate. The fact that
DOPG does not form stoichiometric complexes likely
accounts for why the stability of the fusion intermediate for
DOPG-containing vesicles increases less dramatically with
Ca”" concentration than is the case for DOPS vesicles.
Pore formation. As discussed, the correlated lipid move-
ment hypothesis explains the inhibitory effects of acidic
lipids on pore formation in terms of the increased energy
needed for correlated movements of charged headgroups
into the hydrophobic regions at the stressed edge of the
purported intermediate structure (1). Counter ions that
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reduce this energy will reduce this inhibition. The ability
of Ca®" to associate with and lower the zeta potential of
negatively charged or even neutral lipid membranes (36)
is thus consistent with its ability to increase the rate of
pore formation in such membranes (Fig. 5 B). The slight
sigmoidal shape of the curve for Ca®" effects on ks for
DOPS-containing vesicles (Fig. 5 B) could again reflect
the ability of PS to form an intraleaflet PS,Ca®" stoichio-
metric complex with DOPS (35) but not for DOPG, for
which stoichiometric complexes have not been reported.
Fusion pore stability. An important aspect of our results is
the extent to which Ca>" promotes pore formation between
vesicles containing 8 mol % DOPS. Although pore forma-
tion between DOPG-containing vesicles was also affected,
the %CM for DOPS-containing vesicles increased in a
sharply sigmoidal fashion to a value nearly twice that seen
for neutral lipid vesicles in the absence of Ca** (Fig. 5 D).
Certainly, the sigmoidal increase in %LM with Ca®"
concentration for DOPS-containing vesicles is in part
responsible for this result, because a productive interme-
diate is a requirement for fusion pore formation. Although
the probability of formation of transient pores in the inter-
mediate state («;) also increased, most of the increase was
associated with formation of stable pores in FP, indicating
that this result is not simply due to stability of productive
intermediates. We speculate that an initial pore still has an
extremely negatively curved cis leaflet, which is stabilized
by DOPS headgroup condensation. In addition, initial pores
must also have acidic lipid headgroups along with their
associated water occupying a significantly hydrophobic
environment (37). Intraleaflet or interleaflet PS,Ca’>* com-
plex microstructures, as have been proposed (34,35), could
stabilize such structures so they can expand into larger, more
stable pores.

Relationship to biomembrane fusion. The most remark-
able aspect of our results is that most of the increase in the
extent of CM occurs at a fairly low, Ca®* concentration
(0.2-0.4 mM), close to those known to be physiologically
significant. PS is the most abundant acidic lipid in mamma-
lian neuronal cell membranes (and in many other mamma-
lian membranes), whereas Ca®" is widely recognized as
the trigger of neuronal release. Although binding of Ca*"
with regulatory fusion proteins is still very likely key to the
mechanism of triggering fusion in vivo, our results make it
difficult to ignore the possibility that the unique physical
properties of this ion-lipid pair may play more significant
roles in fusion in vivo than is currently envisioned.
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