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Polymer Enhanced Fusion of Model Sperm Membranes as Induced by Calcium
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Vesicle contents-mixing assays were used to study the fusion of a lipid membrane system that was designed
to model the sperm plasma membrane. Comparisons were made to a simpler membrane system that was
composed of an equimolar mixture of neutral and anionic phospholipids (phosphatidylcholine (POPC) and
phosphatidylserine (POPS)). For both membrane systems, fusion was induced by calcium and was significantly
enhanced by the presence of poly(ethylene glycol) (PEG) at a low concentration that was insufficient to
cause depletion interactions. In particular, the polymer serves to increase the initial burst and subsequent
kinetics of calcium-induced fusion. In comparison with the simpler membrane system, the more-complex
sperm mimic vesicles are more resistant to fusion, requiring a higher threshold of calcium concentration.
This difference in behavior is attributed to the large fraction of cholesterol (30%) in the sperm mimic
membranes. We examined the influence of PEG on ion-binding to membranes using a system that was amenable
to nuclear magnetic resonance (NMR). The data are consistent with a PEG-induced reduction of the ion
residence time on the vesicle surface, suggesting that ion-binding alterations modulate the kinetics of polymer-
enhanced vesicle fusion. Our work suggests that it may be possible to use small doses of PEG in conjunction
with fusion-altering agents as effective spermicides.

Introduction caused by the presence of the surfactant spermicide nonoxynol-
9.2 The presence of cholesterol is of particular note, because it
has a 2-fold impact on the membrane. Foremost, the stiffness
of the membrane is dramatically increased, imparting resistance
to membrane rupturé.Second, the significant amount of neutral
cholesterol dilutes the charged lipids on the surface, making
the overall surface more weakly anionic. It would be expected,
then, that such membrane systems might behave differently than
simple membrane models that are based on one or two lipid
components.

Membrane fusion is an essential event in many physiological
processes, including viral entry, endocytosis and exocytosis, and
most notably fertilizatiort:2 In vivo, such events are triggered
by carefully regulated endogenous agents such as calcitim.
To sperm cells, fusion is an especially important process, as
they must undergo both intracellular and extracellular membrane
fusion at well-defined times to ensure effective fertilizatbon.
Therefore, any agent that can change the kinetics of sperm cell

fusion_ may also be useful as a contraceptive. . - In this paper, we show a rabbit sperm mimic, designated here
Vf_;mous polymers are able to alter the fusogenic abilities of ¢ RSP, does undergo fusogenesis in the presence of calcium,
calcium. Most notably, poly(ethylene glycol) (PEG) has been ot 4 higher concentration than that observed in a simpler
shown fo have synergistic gffects W,'th calcium in regard to system consisting of an equimolar mixture of phosphatidylcho-
promoting the fusion of vesicles entirely composed of phos- 56 (popC) and phosphatidylserine (POPS) (referenced here-
phatidylserin€. The acceleration of fusion is thought to be due after as PCPS). Moreover, using only small amounts of
to the significant aggregation of the vesicles by the PEG, poising peggggg (lower than that necessary to cause depletion forces),

them for subsequent fusion by calcium binding. Aggregation e 4re aple to abrogate this hardiness and lower the threshold
of vesicles arising from these polymer-induced depletion forces ., cantration of calcium required to induce fusion. Such a

i.s now fairly well gnderstooﬁ_land requires sufficient concentra-  reqyction in the threshold concentration has been reported
tions of PEG (which vary with molecular weight). The anionic previously by Arnhold and co-workefsalbeit at a much higher
polymer dextran sulfate has been shown to affect calcium- pe concentration than used here. In fact, the concentrations
induced membrane dynamics at extremely low concentrations, ¢ peG ysed in this study are well below those reported in the
but this is likely due to charge effectdn any case, all these  |ioratyre to cause, on their own, significant changes to the
studies use simple and cqntnved model membranes, and,qnionic membrane or the surrounding solutiéri2 In combina-
although useful from a physical chemistry vantage, they may o with calcium, however, we show that PEG at low doses

miss physiologically relevant membrane properties. not only magnifies the initial burst of fusion and reduces the

Recently, we introduced a series of model membranes thathreshold concentration, but also extends the duration of the
can mimic some of the properties of the sperm plasma fygogenic events by several orders of magnitude.
membrané. These systems are cholesterol-rich, contain 3

sulfogalactosyl ceramide, which is a commercially available
analogue to seminolipid, and contain highly unsaturated ether-
linked phospholipids (in contrast to traditional ester-linked Materials. Lipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
lipids) that are abundant in, and unique to, sperm plasma phatidylcholine (POPC 16:018:1), 1,2-dipalmitoyl-sn-glycero-
membranes. The combination of these with more-conventional 3-phosphatidylethanolamine (DPPE 161%5:0), 1-alkyl-2-acyl-
lipids captures, for example, the leakage behavior that has beersn-glycero-3-phosphatidylethanolamine (C1622:6), egg
observed in vesicles made from rabbit sperm lipid extracts as sphingomyelin, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidyl-
L-serine (POPS 16:018:1), cholesterol, and brain sulfatide were
* To whom correspondence should be addressed. Tel.: (609) 258- 0btained from Avanti Polar Lipids (Birmingham, AL). Sodium
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sulfonic acid (HEPES), and phosphorus standard solution were75 uM, as determined by phosphorus assay. The membrane
obtained from Sigma (St. Louis, MO). I-Amino-naphthalene- fusion was determined by monitoring the fluorescence signal,
3,6,8-trisulfonic acid (ANTS) anill-N'-p-xylenebis-pyridinium which decreases due to the contents mixing of ANTS with DPX.
bromide (DPX) were obtained from Molecular Probes (Eugene, Because ANTS in the vesicles is not self-quenching, the mere
OR). Poly(ethylene glycol) (PEG 8000) from Fisher Scientific leakage of ANTS does not result in a change in fluorescence
was used without further purification. All reagents were used intensityl” In addition, the minute concentration of DPX in

at the highest purity available. Deuterium oxidex@@) for the solution is not enough to quench any ANTS in solution. Upon
nuclear magnetic resonance (NMR) study was obtained from the addition of fusogenic agents, the decay in fluorescence was

Sigma-—Aldrich. The 2.5-mm micro NMR capillary tube for the

Varian probe was purchased from New Era Enterprises, Inc.

(Vineland, NJ). Praseodymium(lll) chloride (P§C99.9%) was
acquired from Alfa Aesar. All solutions were prepared using
Millipore water.

Preparation of Large Unilamellar Vesicles. Large uni-

measured by a Hitachi model F-4500 fluorescence spectropho-
tometer in time scan mode. The samples were excited at a
wavelength ofl = 353 nm, and an emission maximum was
read at 519 nm and performed in triplicate.

31P NMR Analysis. 3P NMR spectra were obtained and
processed on a Varian Unity 500 NMR spectrometer (Varian,

lamellar vesicles (LUVs) were prepared according to a procedure Inc.) operating at a frequency of 202.48 MHz at 23. To

reported in the literatur. Briefly, stock solutions of individual

provide the necessary magnetic locking reagent required for

lipids dissolved in chloroform were mixed in a 10-mL flask, to NMR measurements, a 0.5-mm micro NMR capillary tube
produce the desired molar fraction of the individual phospholipid containing DO was coaxially inserted into a 5-mm regular
compositions. For PCPS, an equimolar ratio of POPC and POPSNMR tube that contained the vesicle sample. The spectra were
was used. For RSP, the following constituents were as- recorded with &'P pulse length of 14 ms (corresponding to a

sembled: 28% C16:022:6, 10% POPC, 10% egg sphingo-
myelin, 5% POPS, 30% cholesterol, and 5% brain sulfatide.
Chloroform solvent was removed via evaporation¥drh under
vacuum in a nitrogen environment to form a transparent thin
film on the bottom of the flask. The dry lipid film was suspended
into a HEPES-buffer solution that contained either 25 mM
ANTS or 90 mM DPX and vortexed for 1 min. The suspension
of lipids was frozen in liquid nitrogen and thawed in a water
bath at room temperature. The vortexing and freghaw cycle
was repeated 5 times to form a multilamellar lipid suspension.

90° flip angle) and a relaxation delay of 1 s, with broadband
IH decoupling. Measurements were performed both in the
presence and absence of Rr€Hift marker (at 10 mM). A total

of 19 200 transients were accumulated for samples with shift
marker PrG and 4800 transients for samples without Br@l
achieve the same signal-to-noise ratio for all the measurements.
A standard phosphoric acid §AO,) solution was used as a
reference (0 ppm) of the theoretical chemical shift. Each sample
contained 70uM POPC lipid in HEPES-buffer solution as
described above. All spectra were treated with automatic

The suspension was then extruded 10 times through a 100-nmPaseline correction®’P NMR peak areas were analyzed by

polycarbonate filter (Nucleopore Co.) to form large unilamellar

bilayer vesicles. The vesicles were then separated from un-
encapsulated ANTS or DPX by column chromatography on a

computer integration using Varian software VNMR 6.1B. All
measurements were performed in duplicate.

Sephadex G-50 column, using the HEPES-buffer solution as Results

the eluant. HEPES-buffer, which is a nontoxic biological buffer
solution, was prepared with 16.66 mM HEPES, 125 mM NacCl.
The pH of the buffer solution was adjusted to #40.1 using

sodium hydroxide. The osmolarity of the buffer was adjusted
to 265+ 3 mOsm, as measured with a Fisk Micro Osmometer
(Fisk Associates, Burlington, MA). The same HEPES-buffer

was used for vesicle preparation, fluorescence assays, and light
scattering measurements, as well as NMR experiments. In al
cases, the osmolarity of the added reagents were matched wit
that of the encapsulated aqueous contents inside the vesicle

using NaCl, if needed.

The lipid content of vesicular solutions was determined using
a procedure made available by Avanti Polar Lipiei$his assay

S

Comparison of the Influences of PEG and/or C&" on the
Contents-Mixing of Vesicles in the PCPS SystenT.o examine
the influence of PEG 8000 and/or €aon the process of vesicle
fusion, we apply contents-mixing assays with a dye-and-
quencher systefhVesicles that contain either dye (ANTS at
25 mM) or its respective quencher (DPX at 90 mM) are formed.

When two or more vesicles fuse together, the encapsulants mix;

H’f the vesicles had initially consisted of at least one ANTS-

containing vesicle and one DPX-containing vesicle, then the
newly fused vesicle is nonfluorescent. Therefore, any decay in
fluorescence represents either some fraction of the extent of
fusion (note that ANTS-with-ANTS fusion and DPX-with-DPX

fusion do not affect the total fluorescence) or dye bleaching.

for total phospholipid content was performed with a Genesys 2 Here, we report the normalized fluorescence inten5io,

spectrophotometer (Thermo Spectronic Instruments).
Vesicle Size Measurementdynamic light scattering mea-

surements were performed to determine vesicle size using a BI-

where F, is the fluorescence intensity before adding any
fusogens. Incubations with PEG were started by injecting small
volumes of 15 wt % PEG (to keep an osmolarity of 2653

200SM laser light scattering goniometer that was equipped with mOsm) into 1 mL of the liposome suspension and gently mixing.

a solid-state laser with a wavelength af = 532.5 nm
(Brookhaven, Inc.). All measurements were performed in
triplicate at 24°C at a scattering angle of 90Vesicle size was

In the control experiment (data denoted by asterisks (*) in
Figure 1A), ANTS- and DPX-containing vesicles were mixed
in the presence of only buffer solution, and a slight decrease of

derived by the software of the instrument, using a second-orderflyorescence intensity was observed, which may be due to either

correlation function of cumulant i
Contents-Mixing Assays.Membrane fusion was studied by

the spontaneous collisions of vesicles or, more likely, dye
bleaching. Similarly, the extent of fusion upon addition of 1.5

a vesicle contents-mixing assay, based on the collision quench-wt % PEG alone was very small and almost as insignificant as

ing of the fluorophore of ANTS by its quencher DPX/esicles

encapsulated with 25 mM ANTS in HEPES-buffer solution and
vesicles with 90 mM DPX in HEPES-buffer solution were
mixed at a 1:1 molar ratio. The total lipid concentration was

that of vesicle solution containing buffer only (data represented
by open squared) in Figure 1A). This is consistent with a
lack of depletion interactions at this small polymer concentra-
tion.
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Figure 1. Influences of poly(ethylene glycol) (PEG) on calcium-induced 10mM 20mM 10mM_20mM

fusion of PCPS vesicles. (A) Fluorescence data showing two-part decay:
the first, rapid decrease at times o2 min, where only fusion occurs; and

a second, long-term decay, where bleaching and fusion occur. The curve
fits represent data fitted for times2 min and are folF = F, exp(—kt).
(Legend: (*) buffer only, 0) PEG (1.5 w/v%) only, £) C&" (8.5 mM)

only, and §) Ca&" and PEG.) (B) Intensity of the initial decrease in
fluorescence in the first two minutes after adding fusogen. In the absence
of calcium, little or no decrease is observed. The addition of PEG

Figure 2. Influence of PEG on the calcium-induced fusion of RSP vesicles.
(A) Raw fluorescence data. (Legend: (*) buffer onlz) PEG (1.5 w/v%)

only, (a) C&" (10 mM) only, ¢) C&* (10 mM) and PEG, £) C&" (20

mM) only, and §) Ca&* (20 mM) and PEG.) (B) Intensity of the initial
decrease in fluorescence in the first two minutes after adding fusogen. Note
that the lower concentration of calcium is below the threshold required to
induce fusion; the addition of PEG significantly reduces this threshold and
allows fusion to occur. (C) Normalized rate constant for subsequent decay.

significantly enhances calcium'’s ability to induce fusion. (C) N_orm_alized The control, PEG-only, and both calcium-only rates are assumed to be within
rate constant for subsequent decay. In the control where no calcium is added g viqical error. Again, any discernible rate is observed only in the presence
it is assumed that only bleaching is occurring. Therefore, further fusion of PEG

only occurs in the presence of PEG.

With the addition of C&" ions, a two-stage fluorescence g puffer solution or upon the addition of PEG 8000 to a
decay was observed: an initial rapid decrease, followed by a concentration of 1.5 wt % (Figure 2A; asterisks (*) represent
slower, gradual decay. Upon injection of Tain either the  pffer data and squares(represent PEG-only data). With only
absence (Figure 1A, upright open triangleg)(or presence of  pEG present, the initial burst is nonexistent (Figure 2B), as in
PEG (Figure 1A, inverted open triangles)], a 10%-20% the case of the PCPS system. Although a slightly more

gecrease in fIuorelscelnceboccur_redhwnhln th(la flrstdl_mln. IThls significant subsequent decay rate is observed (Figure 2C), we
ecrease is completely absent in the controls, and it is a mostIoresume this rate to be within experimental error.

doubled by the presence of PEG. After this initial period, the L .

rate of fluorescence decay dramatically decreases. To systemati- When calcium is added to R.SP ata conce_ntratlon of 10 mM
cally determine the kinetics from the data, fluorescent intensities (dat@ represented by open triangles) (in Figure 2A), no
after the first two minutes of the experiment are fit to the curve difference in fusogenic behavior is observed, relative to the
F/Fmax = F1 exp(—kdt), from which (1— Fy) is reported as the PEG-only system. That is, no initial decreasg was observed,
extent of the initial decrease (Figure 1B) aqdhe subsequent and the subsequent decay rate was only marginally greater than
rate of decay (Figure 1C). As is clearly seen, the rate of the control system and was similar to the PEG-only system. At
fluorescence decrease is markedly changed (by 2.5 times) only20 mM C&" (data represented by open inverted triangle} (

when both PEG and Ga are present. in Figure 2A), the behavior of the RSP then becomes similar
Comparison of the Influences of PEG and/or C&" on the to that observed in the PCPS system at 10 mM*Cae.,
Contents-Mixing of Vesicles in the RSP SystemFigure 2 displaying an initial decrease within the first minute. As

shows the contents-mixing assays of the RSP system. As in thepreviously observed, the rate of the decay after this decrease is
PCPS system, we observed no significant fusion of vesicles in within error of the buffer-only rate (see Figure 2C). Thus, in
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Figure 3. Dynamic light scattering (DLS) measurements of vesicles
undergoing fusion. Vesicle size is determined during the fusogenesis
experiment. Vesicles are incubated for 40 min prior to the addition of (B)
calcium att = 0 min, during which only a modest increase in size occurs.

In the presence of PEG, botl®)( PCPS and) RSP increase in size
continually over the course of the experiment, suggesting that fusion
continues after the initial burst.

the absence of PEG, RSP requires more calcium to induce fusion
than does PCPS.

When PEG is preincubated with the vesicles, both the extent
of the initial decrease and the later decay rate are dramatically
increased (represented by solid trianglasw) in Figure 2A),
as observed previously with the PSPC vesicles. At 10 m&tCa
we now observe fusion, in stark contrast to the PEG-free system. s e s
Unlike the behavior in the absence of PEG, the initial drop does ™ . s & =+ o & a0 s
not change significantly with increasing amounts of calcium rigyre 4. 31p NMR data for praseodymium interactions with the membrane
(see Figure 2B), but the rate of subsequent decay increaseSurface. (A) The gray area shows that, in the absence of praseodymium
substantially (see Figure 2C). ions, the phosphorus headgroups in both the inner and outer leaflet have

Size Determination of Vesicles Using Light ScatteringRSP identical spectra and therefore the membrane appears as a single peak. The

. . . black features show that, when PEG is added, the spectrum remains a single
and PCPS ve_S|cIes a}re fo_rmed with a diameter-@0D0 nm, . peak but a small but noticeable shoulder is present, which suggests that
and, upon preincubation with 1.5 wt % PEG 8000 for 40 min, some alteration in the membrane has occurred. (B) In the presencé of Pr
the vesicle size increases rapidly frori00 nm to~130 nm ions, however, the inner and outer leaflets are split, with the outer leaflet
within the first 5 min and remains the same for the remaining gg"vzﬂzzilfﬁi-r:’r\]’gp?#;ﬁEvﬁe(r']o‘l’a"éres?seCtrf:S'T;)ﬁttTﬁ OUéfrs'e:Z't‘iLg%a'\‘Niﬁiigifit:g
pre.‘mCUbatlon per!Od (Figure 3). Upo_n the addition sztm_ result of a shorter residence time of th%*ﬁon ove?Fi)ndivti)iual pho’sphorus
a final concentration of 8.5 mM, preincubated PCPS vesicles peadgroups.

(data represented by solid circle®)(in Figure 3) continually

increase in size for more than 60 min to over 2000 nm in appear identical (see Figure 4A, shaded spectrum), and when
diameter. Interestingly, the RSP system at 10 mM'Qaata PEG is added to the system, only a slight perturbation is noticed
represented by open squaréy {n Figure 3) shows the same (see Figure 4A, unshaded spectrum). POPC both with and
behavior. without PEG has only on&P NMR peak appearing at 0 ppm,

Parenthetically, we note that the data in Figure 3 include not with a relative integral of peak area of 100. The slight
only fused vesicles, but also aggregates that have likely formed.broadening in the peak for the sample of POPC with PEG
For example, upon b dilution of the system with buffer, the indicates a small effect of PEG on the bilayer. However, this
C&" ion and PEG concentrations are dramatically reduced, andimpact is not large enough to either split the peaks of each leaflet
the PCPS aggregate size decreases460 nm, with broad or shift the total membrane peak.
polydispersity (data not shown). The addition of a Pt~ shift marker to a final concentration

Influence of PEG on the Lipid Membrane Monolayers of of 10 mM causes each leaflet to appear as a separate peak (see
POPC Vesicles, as Determined by!P NMR. To further Figure 4B, shaded spectrum). The position of this peak
examine the role PEG can have on the interactions of cationsrepresents the molar averaged position of-PPrcomplexes
with membranes, we use the techniqué’® NMR on vesicles (whose peak would appear-atL00 ppm) and lone phosphorus
in the presence of Pt ions. Briefly, the3P NMR spectrum of nuclei (whose peak would coincide with the inner leaflet at O
a homogeneous lipid membrane consists of a single peak,ppm)2° Therefore, we can use this technique to explore the
because both leaflets of the vesicle bilayer are identical. When residence time of multivalent cations on the membrane sufface.
praseodymium chloride (Prg) which is a paramagnetic shift ~ Thus, the3'P NMR spectrum of the outer leaflet appears as a

marker, is added to a pure POPC vesicle solutio! Rins single peak at-19 ppm, downshifted from the inner leaflet at
can interact with the phosphorus in the lipid headgroups of the 0 ppm. The area integrals under the two split peaks are 50/50,
outer monolayer. This causes the spectrum of d#ein the indicating that the relative number of POPC molecules in the

outer leaflet to shift downfield by-20 ppm. Consequently, the  outer monolayer is equal to that in the inner monolayer of the
two leaflets of vesicle bilayers become spectrally differentiated vesicles.
and provides a way to distinguish the effects of PEG on each The unshaded spectrum in Figure 4B shows e NMR
of the outer and inner membrane monolayé&rs. spectra of vesicles with a 10 mM PgC$hift marker in the

We first examine the effects of PEG alone on the bilayer. In presence of PEG. The peak associated with the outer leaflet
the absence of the shift marker, the leaflets of the membranehas shifted from 18.71 ppm without PEG upfield to 17.82 ppm
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in the presence of 1.45 wt % of PEG. This is only slightly shifted when both PEG and calcium are present do we observe any
further upfield to 17.80 ppm at 2.90 wt % PEG (data not shown). additional decay in fluorescence beyond that of the control
during this time. PEG, then, extends the capabilities of calcium
Discussion to induce fusion both within the first few minutes (by increasing
o ) ) ~the initial decrease) and in the subsequent time scale (by
Despite its complex makeup, RSP vesicles still undergo fusion jncreasing the fusogenesis rate) in both RSP and PCPS vesicles.
in the presence of calcium. A significant fraction of POPS and  agter the initial burst of fusion, in the absence of PEG, it
POPC is in the RSP membrane, and, therefore, the same generigeems that the calcium cannot escape the membrane surface.
behavior is to be expected. The data suggest that the effect ofygwever, when PEG is present, the subsequent decay rate is
Ca' on vesicle aggregation, without the presence of a co- gignificantly larger than the background raiee., fusion is still
fusogen, occurs entirely within the first minutes upon addition occyrring-and the continued increase in vesicle size from the
of the ions, after which the fluorescence intensity decrease p| g data supports that observation. Furthermore, this subse-
returns to the same rate as that without the additive (which is qyent rate is dependent on the initial calcium concentration,
most likely due to bleaching). The rapid change in intensity, jmpjicating some calcium-mediated event. Therefore, we suspect
followed by a virtually absent decrease afterward, suggests that,ihat PEG is allowing the release of calcium into the system,
in both vesicle systems, fusion occurs only in these first few \hich, in turn, allows the continuation of fusogenesis.
minutes. y While the cause of this synergistic effect between PEG and
However, our results show that the additional components the C&* jon is not clear, Amhold et al. have argued that PEG
found in RSP vesicles impart a resistance to fusion, and vesiclesngyces aggregation in the vesicles, in turn, making them more
do not fuse at calcium concentrations (10 mM) greater than that g sceptible to Ca-induced fusiorf. A key difference between
at which PCPS vesicles do (8.5 mM). The threshold concentra-oyr study and that done previously, however, is that our
tion is thought to be a result of the ion binding energies to the concentration of the PEG is significantly lower. The concentra-
membrane surfaééand, therefore, is highly dependent on the tjons required to generate the aggregation of phospholipid
vesicle surface makeup. For pure PS vesicles, this thresholdyesicles are typically-5 wt %, regardless of the lipid composi-
value is~2 mM, although smaller values have been repofted. tion usec® Furthermore, our DLS data reports only a minor
The addition of uncharged constituents to the membrane shouldincrease in particle size upon the addition of PEG alone to the

have a dilution effect on the surface charge: the membrane isyesjcles, which suggests that pre-aggregation at our PEG
less anionic and, therefore, cationic binding is weakened. cqncentration is limited.

Changes other than ion binding can also have a role. The  Ajthough it is possible that PEG may be associating directly
addition of small hydrophobic molecules (for example, fluori-  ith the jon instead of the vesicle, iemonpolar-molecule
nated alkanes) can shift the threshold concentration hiher. jnteractions are extremely weak and, therefore, unlikely to be
This effect is reported to be due to an increased resistance gy paple. We instead propose that PEG is associating with the
membrane tensionawhich also is believed to have a role in - membrane, thereby changing the ion binding rates and, therefore,
fusion thresholdS—via the increasing of the membrane core  fysjon dynamics. This occurs in both the initial burst, where
hydrophobicity and expansion of the bilayer thickn€s€ho-  membrane packing disruption can caus&Gans to bind faster,
lesterol, then, should have a similar effect on membrane fusion 5 in subsequent times, where calcium is allowed to escape
behavior. More generally, cholesterol is known to have a marked fom the membrane surface.

gff(zgtzaon many membrane physical propertieos, such as fluid-  ggcayse cation binding is believed to be the cause of calcium-
ity.#*All things considered, the presence-e80% cholesterol jyqced fusion, whose kinetics seem to be significantly altered
in the RSP membrane is likely the most significant cause for by the presence of PEG, we examined the role of PEG on ion-
the observed shift in the threshold concentration, which we binding using a model that was amenable to NMR anaRpsis.

report here to be in the range of-180 mM calcium. However, |, short, the data are consistent with a PEG-induced reduction
studies into the roles of the other unique lipids in the RSP ¢ the jon residence time on the vesicle surface. Gawrisch and
membrane are still underway. Arnold conducted similar NMR experiments, but, again, at much

The resistance of membranes to calcium-induced fusion can higher PEG concentratio8 They noted that the outer mem-
be dramatically reduced by adding PEG to the system, atprane peak shifted downward, not upward, with increasing PEG
concentrations where the polymer is not fusogenic. Indeed, the concentration. Although these data initially may seem contradic-
presence of PEG alone had no significant effect on either thetory to our results, other work by that group suggests that the
first-minute rapid decrease or the subsequent rate of fluorescenyyiclectric constant dependence of PE@ater solutions, with
decay of both vesicle systems. This is as expected; at the lowregpect to polymer concentration, differs in direction at low and
concentration used here, the PEG should, in theory, have little high concentration& This hints that PEG may be effecting a
effect on the vesicle membrane. Viguera et al. reported that gportening of the ion lifetime by changing the dielectric constant
PEG-induced aggregation of phosphatidylcholine vesicles occursys the solution, although this connection is tenuous at best.

only above a critical polymer concentration (5% in their study) Nonetheless, when PEG is present, the off-rate of the cations is
and that a substantially higher level of PEG is required t0 jhcreased.

induced fusion (2327 wt %)?27

Arnhold and co-workers previously reported that the addition Conclusions
of PEG at moderately high concentrations (10 w/v%), in
conjunction with millimolar levels of calcium, can not only These studies suggest that PEG can interact with a bilayer
increase the extent of the initial burst of fusion, but also lower surface in a manner that alters its ability to fully attract and
the threshold concentration required to onset fusion events incapture ions from solution. Specifically, the presence of small
both small unilamellar vesicles (SUVs) and LU¥slere, we amounts of PEG (below that causing depletion forces) augments
not only see the increased susceptibility to fusion that has beencalcium-based fusion in both the initial burst and subsequent
observed previously, but we also note a long-term extension of kinetics, as well as a reduction in the threshold concentration
fusion events continuing well into the subsequent hour. Only required to induce fusion. Furthermore, this synergism occurs
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nent makeup may serve to increase the membrane’s resistancg ggg.

to fusion, are involved. For example, we find that the more-

(12) Arnold, K.; Herrmann, A.; Pratsch, L. The Dielectric Properties of

complex RSP membrane is more resistant to fusion than theAqueous Solutions of Poly(ethylene glycol) and their Influence on
simpler PCPS membrane system,; this difference in behavior isMembrane Structuresiochim. Biophys. Acta Biomemtit985 815, 515.

likely a result of the large amount of cholesterol included in

the RSP membrane. From a contraceptive perspective, then, it

(13) Arnold, K.; Herrmann, A.; Gawrisch, K.; Pratsch, L. Mechanisms
of Peg-Induced FusiorStud. Biophys1985 110 135.
(14) Hope, M. J.; Bally, M. B.; Webb, G.; Cullis, P. R. Production of

may be possible to use small doses of PEG in conjunction with Large Unilamellar Vesicles by a Rapid Extrusion Procedure. Characteriza-

fusion-altering agents as novel spermicides.
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