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Acyl Chain Unsaturation and Vesicle Curvature Alter Outer Leaflet Packing and
Promote Poly(ethylene glycol)-Mediated Membrane Fusion
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ABSTRACT: The poly(ethylene glycol) (PEG)-induced fusion of sonicated, unilamellar vesicles (SUV) and
large, unilamellar vesicles (LUV) composed of a variety of phosphatidylcholine species was compared
using two assays for the mixing and leakage of internal vesicle contents. In the first fteait#1992)
Biochemistry31, 2643], disodium 8-aminonaphthalene-1,3,6-trisulfonate (ANTS) fluorescence is quenched
by co-encapsulate,N'-p-xylylenebis(pyridinium bromide) (DPX). For this assay, interference by the
fluorescence of impurities in PEG demands that the PEG content of the sample be reduced by dilution
before measurements are taken. The second assay [Vigiedr§1993)Biochemistry32, 3708] monitors

the fluorescence of ™ complexed with dipicolinic acid (DPA) directly in concentrated PEG solutions.
The two assays gave identical fusion profiles for egg PC SUVs treated with increasing concentrations of
PEG, demonstrating that fusion occurs in the dehydrated state in the presence of PEG and does not require
dilution. Comparison of results obtained with lipid species of varying degrees of unsaturation incorporated
into either SUV or LUV suggested that acyl chain unsaturation and high membrane curvature combine to
favor fusion of pure phosphatidylcholine membranes. There was a clear correlation between the
fluorescence lifetime or the order parameter of the membrane probe 1-(4-trimethylammonium)-6-phenyl-
1,3,5-hexatriene (TMA-DPH) in different membranes and the concentration of PEG needed to induce
fusion of these membranes. However, the ratios of TMA-DPH lifetimes measuregdn/&sus HO

buffers were the same for different lipid species, indicating that probe penetration was not very different
for different lipid species. The results suggest that the combined effect of high membrane curvature and
extensive chain unsaturation is an enhanced rate of lipid motion in the upper region of the bilayer, reflective
of decreased packing density in the outer leaflet of unsaturated SUV bilayers, probably allowing for
enhanced water penetration leading to an enhanced probability of fusion.

Poly(ethylene glycol) (PE& interacts with water and  aggregation of model membranes has become a useful means
thereby lowers the activity of water in bulk solution (Bailey of exploring the membrane structural perturbations that
& Koleske, 1967). Its swollen, hydrated structure excludes accompany biomembrane fusion (Lentz, 1994). We have
it from macromolecular surfaces (EVGHS & Needham, 1988; reported previous|y that PEG drives model membrane
Arnold et al, 1990). This causes a gradient in the chemical pjjayers to within molecular contact and, in the process,
potential of water between such a surface and bulk water, extracts water from the trapped vesicle compartment thereby
leading to a thermodynamic potential that forces the ag- fjattening and perhaps destabilizing the vesicles (Burgess
gregation and close apposition of membrane vesicles exposed, 1992). This combination of surface and interior dehy-
to PEG (Eve_n_s& Needham, 1988; Arncddal_., 1990): Since ration can leave the vesicle intact, can result in vesicle
close apposition of opposed membrane bilayers is accepte(fupture, or can result in vesicle fusion when bilayer

to be the first essential step in membrane fusion, PEG membranes are appropriately perturbed (Laital, 1992:
* Supported by USPHS Grant GM32707. Massenbu_rg & Lentz, 1993). _Whlle bllayt_ar p_erturbat|on_ is
*To whom requests for reprints should be addressed. E-mail: €SSe€ntial, it appears that interior dehydration is not required
UNCBRL@MED.UNC.EDU. for fusion (Lentzet al, 1997), nor is vesicle rupture, which
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! Abbreviations: PEG, poly(ethylene glycol); ANTS, 8-aminonaph- often accompanies fusion but is a mt.achanlstlcally distinct
thalene-1,3,6-trisulfonic acid, disodium salt; DPM,N'-p-xylenebis- process (Massenburg & Lentz, 1993; Lemtzal, 1997).

(pyridinium bromide); TESN-[tris(hydroxymethyl)methyl]-2-amino- Fusogenic bilayer perturbation may result from certain
ethanesulfonic acid; &Es, dodecyloctaethylene glycol monoether; PC, i i it ; ;
phosphatidylcholine; DMPC, 1,2-dimyristoylss+phosphatidylcholine; a.mphlpathl.c |mpur|t_|es, high membrane curvature, or packing
DPPC, 1,2-dipalmitoyl-Bn-phosphatidylcholine; DOPC, 1,2-dioleoyl-  disruption in the bilayer outer leaflet (Lenet al, 1992,
3-sn-phosphatidylcholine; DLPC, 1,2-dilinolenoyls$+phosphatidyl- 1996; Wuet al, 1996; Lee & Lentz, 1997). Although we

choline; POPC, 1-palmitoyl-2-oleoyl-§phosphatidyicholine; egg PC,  1y3ye shown that two fusing vesicle systems share a common
hen egg yolk phosphatidylcholine; PAPC, 1-palmitoyl-2-arachidonoy!- ! . )
3-sn-phosphatidylcholing; PLPC, 1-palmitoyl-2-linoleoyls-phos- outer leaflet structural perturbation, it remains a challenge

phatidylcholine; DPA, pyridine-2,6-dicarboxylic acid; cholic acid, to define the essential bilayer structural perturbations that

3, 70, 120-trihydroxy-53-cholan-24-oic acid; SUVs, small unilamellar : _
vesicles; LUVs, large unilamellar vesicles;-NBD-PC, 1-palmitoyl- lead to fusion of PEG-aggregated membranes (Lentz, 1994).

2-N-(4-nitrobenzo-2-oxa-1,3-diazole)aminohexanoylphosphatidyl-  The experiments reported here were stimulated by a report

choline; TMA-DPH, 1-(4-trimethylammonium)-6-phenyl-1,3,5-hexatriene; . . . .
DPHpPC, 1-palmitoyl-2-[[2-[4-(6-phenytrans 1,3,5-hexatrienyl)phe-  Of PEG-induced fusion between small, unilamellar vesicles

nyllethyl]carboxyl]-3sn-phosphatidylcholine. (SUV) composed of hen egg yolk phosphatidylcholine (PC;
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Vigueraet al, 1993). The report of SUV fusion at high (Fairlawn, NJ) and purified as described previously (Parente
PEG concentrations appeared to contradict our observation& Lentz, 1986; Lentzt al,, 1992). All other reagents were
of rupture of such highly curved membranes (Leetzl, of the highest quality available.

1992). To complicate matters, this report detected vesicle

fusion using an assay for the mixing of membrane contents METHODS

that had not been applied previously to PEG-mediated fusion. i i ) i

This assay (Wilschuet al, 1980) monitors the enhanced Vesicle Preparatlon.Large unilamellar vesmlgs (LUV)
fluorescence of TH trapped in one membrane compartment Were prepared by the high-pressure extrusion method.
when it is mixed with dipicolinic acid (DPA) encapsulated APPropriate quantities of chloroform stocks of phospholipid
in a second membrane compartment. Vigugral. (1993) were dried under a stream of nitrogen. The dried lipid was

performed this assay in the presence of high concentrationsdiSsolved in- cyclohexane, frozen, dried under vacuum
of PEG but did not report assay details. Since our studies ©Vernight to produce a white powder, and suspended in the

had shown how sensitive to misinterpretation are fluores- 2PPropriate assay buffer above the lipid order/disorder phase

cence assays performed even in the presence of lowtransition. For the ANTS/DPX contents mixing assay, lipids

concentrations of PEG (Lengt al, 1992), we set out to ~ Were suspended in buffer containing either 25 mM ANTS

confirm and expand upon the result reported by Viguetra ~ PlUS 40 mM NaCl or 90 mM DPX, and 10 mM TES, pH
al. (1993). 7.4. Vesicles for ANTS/DPX leakage experiments were

prepared in a buffer containing 12.5 mM ANTS, 45 mM
First, we have confirmed that the THDPA assay can be ~ DPX, 20 mM NaCl, and 10 mM TES, pH 7.4. For the Tb/
performed in the presence of PEG, and we document herePPA contents mixing measurements, lipid was suspended

how to do so. Second, we have demonstrated what we have" €ither 150 mM DPA or 15 mM TbGlplus 150 mM
previously only been able to suggest based on interpretationS0dium citrate, and 2 mM TES/2 mihistidine, pH 7.4.

of data documenting the intermixing of lipids between |P/DPA leakage experiments employed vesicles prepared
apposed membranes (Wu & Lentz, 1994), namely, that fusion i PUffér containing 7.5 mM TbG]J 75 mM sodium citrate,
occurs in the dehydrated state between vesicles aggregated® MM DPA, 2 mM TES, and 2 mM-His. In all cases,
by PEG. Third, we have confirmed that membrane curvature multllamellar vesicles resulting from suspen_dmg lipids in
is one factor that favors fusion of phospholipid vesicles these different buffers were extruded seven times throughg
aggregated in the presence of PEG. Fourth, we have foundP-1#m polycarbonate filter under a pressure of about 75 psi
that the apparent discrepancy between the observations off 2rgon to generate LUV (Mayest al, 1986).

Viguera et al. (1993) and our observations (Lengt al., Small unilamellar vesicles (SUV) were prepared by
1992) was due to the fact that PC species with unsaturatedsubjecting multilamellar vesicle suspensions to sonic disrup-
acyl chains favor PEG-mediated fusion. Finally, we have tion in a Heat Systems Model 350 sonicator (Plainview, NY).
shown that the combined effect of high curvature and acyl SUV preparations were fractionated by centrifugation at
chain unsaturation is to increase the rate of lipid motions 70 000 rpm for 25 min (4°C for egg PC and other
and decrease lipid order in the upper regions of SUV bilayer unsaturated PCs, Z& for DMPC, and 40°C for DPPC in
outer leaflets. These effects correlated inversely with the a rotor preheated to 5TC) in a Beckman TL-100 ultracen-

Several significant conclusions are derived from this effort.

concentration of PEG needed to promote fusion. trifuge (Palo Alto, CA). SUVs were maintained above their
phase transition at all times and used withi h of
MATERIALS centrifugation. All measurements on SUVs were performed
Chloroform stock solutions of hen egg yoiko-phos- at temperatures above their phase transitions (room temper-

phatidy|cho|ine (egg PC), 1,2_dimyristoy|.§}phosphati_ ature for unsaturated I|p|d5, 28 for DMPC, and 45C for
dylcholine (DMPC), 1,2-dipalmitoyl-3nphosphatidylcho- DPPC). Average vesicle diameters were determined by
line (DPPC), 1-palmitoyl-2-oleoyl-3n-phosphatidylcholine  duasi-elastic light scattering (Lenet al, 1992) to be 338
(POPQ), 1-palmitoyl-2-linoleoyl-3sn-phosphatidylcholine M for SUVs and 135 nm for LUVs, although size varied
(PLPC), 1-palmitoyl-2-arachidonoyl-8aphosphatidylcho-  considerably with lipid composition.

line (PAPC), 1,2-dilinolenoyl-3nphosphatidylcholine ANTS/DPX Leakage and Contents Mixinghe ANTS/
(DLPC), 1,2-dioleoyl-3sn-phosphatidylcholine (DOPC), and DPX contents mixing and leakage assays were based upon
1-palmitoyl-2N-(4-nitrobenzo-2-oxa-1,3-diazole)aminohex- those originally proposed by Ellees al. (1984) and applied
anoylphosphatidylcholine @ENBD-PC) were purchased to PEG-mediated vesicle fusion as previously described
from Avanti Polar Lipids, Inc. (Birmingham, AL) and used (Lentzet al.,1992). Because fluorescent impurities in PEG
without further purification. Dodecyl octaethylene glycol contribute significantly in the spectral range of maximal
monoether (GEg) was purchased from Calbiochem (LaJol- ANTS fluorescence, vesicle samples (0.4 mL) were diluted
la,CA). 3u,7a,120-Trihydroxy-55-cholan-24-oic acid (chol-  following incubation (5 min) with PEG to a final volume of

ic acid), L-histidine, pyridine-2,6-dicarboxylic acid (DPA), 3.5 mL before recording ANTS fluorescence and PEG
and N-[tris(hydroxymethyl)methyl]-2-aminoethanesulfonic background intensity (Lentat al., 1992). Leakage experi-
acid (TES) were purchased from Sigma Chemical Co. (St. ments used vesicles (0.5 mM lipid in the assay sample) in
Louis, MO). Terbium chloride was purchased from Johnson which equimolar ANTS and DPX were co-encapsulated, such
Matthey Co. (Ward Hill, MA). The disodium salt of that DPX quenched at least 85% of the ANTS fluorescence.
8-aminonaphthalene-1,3,6-trisulfonic acid (ANTR)N'-p- When leakage of contents occurred, there was an increase
xylylenebis(pyridinium bromide) (DPX), 1,6-diphenyl-1,3,5- in fluorescence due to the dilution of ANTS and DPX into
hexatriene (DPH), and 1-(4-trimethylammonium)-6-phenyl- the extravesicular compartment. The fluorescence intensity
1,3,5-hexatriene (TMA-DPH) were purchased from Molecular of a co-encapsulated ANTS/DPX vesicle sample plus the
Probes (Eugene, OR). Carbowax PEG 8000 (molecularbackground intensity contributed by PEG was taken as
weight 7006-9000) was purchased from Fisher Scientific characteristic of 0% leakage. Similarly, 100% leakage was
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characterized by the PEG background plus the fluorescenceand fluorescence intensity was again recordegh(>“). All
intensity of an ANTS/DPX vesicle sample to which detergent measurements were made without dilution. Again, assuming
(Ci2Eg at 0.46 mM final concentration) had been added to that one ideal round of fusion involves mixing of contents
release vesicle contents. Contents mixing assays were carriethetween aggregated pairs of vesicles, the percent of ideal
out by adding equal volumes of ANTS-containing and DPX- contents mixing can be calculated as

containing vesicles to buffer (each to a final concentration

of 0.25 mM lipid) at a specified PEG concentration. After F X _F X%vdﬁ

incubation, the sample was diluted 8.8-fold with buffer, and % contents mixing= ——— —"— (2)
ANTS fluorescence was recorded. The fluorescence intensity 1/2(':cox C - FcoX " "‘5

of ANTS-containing vesicles in PEG was taken to represent

0% contents mixing. As described previously (Leetal., This equation corrects for the fact that fusing vesicles that

1992), calculation of “percent contents mixing” was based have leaked some of their contents will register a smaller
on the assumption of one “ideal round” of fusidsm,, fusion fluorescence changd.€., F.o® will already be reduced
occurring between pairs of aggregated vesicles. Thus, 100%relative toF:.°* due to contents loss) and for the probability
contents mixing was represented by the fluorescence intensity(1/2) that two fusing vesicles contain ¥hin one and DPA
of co-encapsulated ANTS/DPX vesicles plus PEG. The in the other. Because the correction for leakage effectively
calculations leading to reported values of percent contentsmagnifies a small signal, both the ANTS/DPX and théTh
mixing accounted for the leakage of contents, for the DPA assays are less accurate under conditions of extreme
photobleaching of ANTS, and also for the probability that leakage. As for the ANTS/DPX assay, the*THDPA assay
two fusing vesicles contained ANTS and DPX (Lental., probably underestimates the fraction of vesicles experiencing
1992). Since fusion likely occurs in aggregates larger than a fusion event (see above).
dimers (WU & LentZ, 1994), this will underestimate the actual Phase-Resokd Fluorescence Measurements with TMA-
percentage of vesicles that have experienced fusion eventsppH and G-NBD-PC. TMA-DPH measurements were
Tb/DPA Leakage and Contents Mixingrhe Tb/DPA  made using the SLM-48000MHF spectrofluorometer with
contents mixing and leakage assays were based on assaygsycitation in a region from 351.1 to 363.8 nm of the laser
previously described (Wilschett al, 1980) except that the v wavelengths of a Coherent Innova 90-4 laser (Auburn,
concentration of lipid used was 0.7 mM and the measure- ca) using a correlation frequency of 60 Hz and 300 data
ments were carried out in a final buffer concentration of 185 averaging_ A base modulation frequency of 4 MHz was used
mM NaCl, 3.7 mML-His, 3.7 mM TES, 2.0 mM EDTA,  with data collected at 37 frequencies geometrically related
and 20 mM CaGl pH 7.4. The major differences between g this base frequency {4148 MHz). Small alloquotes (ca.
this assay and the ANTS/DPX assay are, firSt, that the 1-2 ﬂL) of probe stock solutions (DPH in acetone, TMA-
fluorescence of TH complexed with DPA does not overlap  ppH in methanol) were added to preformed vesicle suspen-
with that of the fluorescent impurity in PEG, and, second, sjons and allowed to equilibrate to constant fluorescence
that the change in fluorescence associated with fusion isintensity before making lifetime measurements. The lipid:
greater for the TH/DPA than for the ANTS/DPX assays. probe ratio and lipid concentration used were 2800:1

Thus, TB* fluorescence could be monitored in the presence and 0.2 mM, respectively. All lifetime measurements were
of PEG. When leakage of contents occurred, there was agptained with glycogen as a reference. For lifetime mea-

drop in fluorescence due to the quenching by water (Horrocks syrements, the polarizer in the emission channel was set at
& SUdniCk, 1979) of TB" released from Complexatio_n with the magic ang|e (375° from VerticaD_ Phase-resolved
DPA due to dilution of the trapped compartment into the gynamic anisotropy measurements were performed using the
external compartment. As for the ANTS/DPX assay (Lentz T format with the excitation polarizer vertical. Phase shift
etal, 1992), 0% leakage was assumed to be defined by theand modulation ratio values were analyzed to obtain life-
fluorescence intensity of the co-encapsulated Th/DPA vesiclestimes, and differential polarized phase shift and modulation
in buffer without PEG E.™). The fluorescence intensity  ratios were analyzed to characterize TMA-DPH motion using
of Th/DPA vesicles treated with detergent (11.6 mM sodium the Globals Unlimited software package developed at the
cholate) was taken as representing 100% leakage of trappeq aporatory for Fluorescence Dynamics, Department of

contents, in the absencEq{*%) or presenceR**) of  physics, University of lllinois (Urbana, IL) as described
PEG. With these definitions and the same assumptions mades|sewhere (Lentet al., 1996).

in quantitating the ANTS/DPX assay Cs-NBD-PC was excited with the Coherent Inova 90-4

0% _ £ o%,de) —(F X% _ x%,de§ argon-ion laser at a wavelength of 488 nm, and emission
0 co co co co was detected through a 2-mm OG-515 filter. In the presence
% leakage= - - 9 =
(F % — F %% of membranes, ENBD-PC partitions between the membrane

(1) and a micellar phase (Lee & Lentz, 1997). Lifetimes and
mole fractions of probe in a membrane and in a micelle
LUVs showed the same amount of leakage at low (0.07 mM) ¢yiironment were estimated using phase-resolved lifetime

as at high (0.7 mM) vesicle concentration, eliminating the 5,5\ sjs employing the Globals Unlimited software package
possibility that light scattering distorted the measurement of _¢ jescribed in detail elsewhere (Lee & Lentz, 1997)
leakage. ' '

Contents mixing assays were carried out by incubating ResyLTS
equal volumes of separate vesicle populations (each at a final

lipid concentration of 0.35 mM) containing Thand DPA, PEG-Mediated Vesicle Fusion Can Be Characterized
respectively, with buffer containing’ PEG. After 5 min Using the Th/DPA Assay.In our earliest attempt to
of incubation, the fluorescence intensity was reBgX®), characterize PEG-mediated model membrane fusion (Parente

detergent was added to release the contents of the vesiclest Lentz, 1986), we abandoned the Tbh/DPA assay system
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Ficure 1: PEG-induced changes in ¥bfluorescence for egg PC _%o 60
SUVs using the Th/DPA assay. Shown are data for co-encapsulated.X
Th/DPA vesicles in the absence (circles) and presence (squares)
of 11.6 mM sodium cholate and for mixtures of separaté"md «g
DPA-containing vesicles in the absence (triangles) and presence g
(inverted triangles) of sodium cholate detergent. Measurements were §
carried out using 0.7 mM lipid in the Th/DPA fusion buffer (see ©
Methods). Also shown is the fluorescence intensity from 36 X 20 A
Tb3* and 31.54M DPA (concentrations estimated to be released

from lysed co-encapsulated or mixed vesicles) in Tb/DPA fusion

buffer with (open hexagons) and without (diamonds) EDTA and 0
CaCb.

40 -

because of the observed quenching of the Th/DPA complex T T T T T T
fluorescence by PEG. The report of Viguerhal. (1993) 0 5 10 15 20 25 30 35
encouraged us to re-evaluate the potential of this assay [PEG] W%

system to report PEG-mediated fusion. Figure 1 displays _ ° o
the fluorescence of the Th/DPA complex encapsulated in Ficure 2: PEG-induced leakage and contents mixing of egg PC

: : : : : SUV. Vesicle leakage (A) and contents mixing (B) were monitored
vesicles (open circles) and free in solution (open diamonds) as a function of PIgG (cgncentration using tﬁe( A)NTS/DPX assay

at the same “total cuvette concentration”. Itis evident from (squares) and the Th/DPA assay (circles). Th/DPA assay measure-
the result in the absence of PEG that encapsulation wasments were carried out as described in Figure 1 and in Methods.
not necessary for formation of a fluorescent Th/DPA ANTS/DPX assay measurements were performed with 0.5 mM lipid
complex. Thus, release of the Th/DPA complex was not in 100 mM NaCl, 2 mM TES, and 1 mM EDTA, pH 7.4; vesicles
sufficient to cause quenching of Thfluorescence (compare \(/;(zree &'gthegdg 0.057 mMlipid in the same buffer for measurement
open diamonds with circles in Figure 1), in agreement with '
the original report of Wilschuet al. (1980). These authors To illustrate further the Th/DPA assay as applied to
noted that optimal quenching of released*Thequired monitoring fusion, we have recorded in Figure 1 the four
the presence of Ca and NaEDTA, apparently to force  fluorescence measurements needed for quantitating fusion
the release of T from its complex with DPA. The and leakage according to eqs 1 and 2: EL)* (open
presence of these components in the buffer with unencap-circles); (2) Feo*,det (open squares); (Fsex® (open
sulated Th/DPA caused nearly complete loss of*Tb triangles); andFs.3* 9 (open inverted triangles). Itis clear
fluorescence, in the absence and presence of PEG (hexagorom these data that, even in the presence of high concentra-
in Figure 1). tions of PEG, the Th/DPA complex appears capable of
The data in Figure 1 also demonstrate that the unencap-reporting either contents leakage (circles and squares) or
sulated Tb/DPA complex is indeed quenched by PEG, while contents mixing (triangles and inverted triangles). To
encapsulated complex is unaffected by PEG (constancy ofconfirm this, we have compared in Figure 2 the results of
the open circles up to 20 wt % PEG). Note that the slight contents leakage (A) and contents mixing (B) assays
rise in the signal with PEG concentration in the presence of performed on egg PC SUVs using the Tb/DPA (circles) and
detergent (squares and inverted triangles) was due to PEGANTS/DPX (squares) assays. The results are nearly identi-
alone, since it was the same in the absence of lipid andcal, thereby confirming the validity of both assays. Of
detergent (hexagons in Figure 1). The lack of an effect of special note is the fact that the Tb/DPA assay, unlike the
PEG on encapsulated Th/DPA or on free Tb/DPA (in the ANTS/DPX assay, reported fusion of this vesicle system in
presence of Cd plus NaEDTA) confirms the ability of this the presence of PEG. This confirms our earlier conclusion,
complex to monitor PEG-mediated fusion. based on lipid exchange measurements, that fusion occurs
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between contacting vesicles aggregated by PEG rather than 2.0
requiring the osmotic stress that might be associated with
dilution of PEG (Wu & Lentz, 1994).

Chain Unsaturation and High Cwature Favor PEG-
Mediated Fusion.It has long been known that saturated PC
SUVs fuse readily below (Surrkuusk al,, 1976; Schullery
et al, 1980) and even slowly above the order/disorder phase
transition (Lentzt al, 1987). We have reported previously
that bilayer curvature increases the probability of fusion
between DPPC vesicles aggregated by PEG (Lehtal,,
1992). However, LUVs with diameters smaller than 700 A
and, in particular, SUVs were found to rupture rather than
fuse in the presence of high concentrations of PEG (Lentz
et al, 1992). The report of PEG-mediated fusion of egg
PC SUVs (Viguerat al,, 1993) required that we re-address
the issue of whether extreme curvature enhanced osmotic
fragility or fusion, or both.

The data in Figure 2 confirm, both qualitatively and 120 1 | I B e B p S
quantitatively, the report of Viguerat al. (1993) that PEG
induces fusion of egg PC SUVs at a concentration for which
leakage is minimal. Using the ANTS/DPX assay, we had
shown that leakage of contents from DPPC SUVs began at
PEG concentrations of 5 wt %, while no contents
mixing was observed up to 35 wt % PEG (Lertal, 1992).
Since the ANTS/DPX assay requires dilution of PEG before
making fluorescence measurements, we repeated our experi-3
ments on DPPC SUVs using the Tb/DPA assay. The results
are presented in Figure 3. The results confirm the essential §
results obtained with the ANTS/DPX assay, indicating that &
PEG causes DPPC SUVs to rupture before they fuse, even% 20
in the dehydrated state. We have already reported that DPPC &
LUVs were not induced to fuse by PEG concentrations up °
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to 35 wt %, although they did rupture at concentrations at %7
and above 30 wt % (Burgest al, 1991).

We ask next whether there is any correlation between the T L — T T T T T
extent of acyl chain unsaturation in a PC species and the 0 5 10 15 20 25 30 35 40
ability of this species to form vesicles that can be fused by [PEG] Wt%

PEG. To answer this question, we present in Figure 4, panels

A and B, a summary of the effect of PEG on SUVs prepared Ficure 3: PEG-induced fusion of DPPC SUVs using the Th/DPA
! assay. (A) Changes in ¥hfluorescence are shown as a function

from six PC species of varying degrees of unsaturation. ot pEG concentration for co-encapsulated vesicles in the absence
Examination of these data reveals a clear correlation betweencircles) and presence of 11.6 mM sodium cholate (squares),

chain unsaturation and both the extent of fusion (maximum mixtures of separate b and DPA-containing vesicles in the
extent of contents mixing) and the ease of fusion (minimum absence (triangles) and presence (inverted triangles) of cholate. (B)
PEG concentration needed to induce fusion). We note alsoa?;%g?gﬁa"r‘gf :nsg%é?c‘ﬁ:?fgfazg%é;:ﬁgg)ed percent contents
that SUVs produced from these doubly unsaturated PCs '
generally fused at PEG concentrations lower than thoseunsaturated and mixed-chain PCs, although the two types
needed to cause rupture. of lipids appear to display somewhat different behaviors
Is the ability of PEG to fuse SUVs a reflection only of (Figure 7A). Because the concentration of PEG needed to
the unsaturation of the PC species present in the SUVs, ormediate fusion decreases with increasing chain unsaturation,
does SUV bilayer curvature contribute to the ability to fuse? there is a clear correlation between chain unsaturation and
In order to answer this question, we monitored the effect of fusogenicity (Figure 8A).
PEG on LUVs prepared from egg PC or POPC. The results Because curvature and chain unsaturation are somewhat
are summarized in Figure 5, panels A and B, respectively. differently correlated in the two types of lipid species
As for DPPC LUVs, PEG induced rupture at high PEG examined, these two types of SUVs may have somewhat
concentrations. Egg PC LUVs, however, were induced to different bilayer structural features. We ask now what
fuse at 35 wt % PEG, but only to a small extent. POPC feature(s) of unsaturated SUV bilayers might make them
LUVs, being somewhat less unsaturated than egg PC LUV, susceptible to PEG-mediated fusion. Chain unsaturation
did not fuse at PEG concentrations up to 35 wt %. decreases the chain melting temperature and is expected, at
Apparently, the ability of egg PC and POPC SUVs to fuse a given temperature, to increase the interfacial area per lipid
at 22.5 and 27.5 wt % PEG depends both on these lipid’s molecule (Rand & Parsegian, 1989). This might be expected
unsaturated acyl chains and on the extreme curvature ofto exacerbate the packing problem already experienced by
SUVs. Chain unsaturation and SUV curvature seem also tothe outer leaflet of SUV bilayers, allowing more water
be linked parameters. Thus, curvature (1/radius) increasegpenetration and creating an even more unstable interface with
in proportion to increased chain unsaturation for both doubly the water phase. We have previously reported that increased
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Ficure 4: PEG-induced fusion of SUVs containing unsaturated _ [_PEG] Wt% _
phosphatidylcholines. PEG-induced contents mixing (A) and leak- FIGURE 5: PEG-induced fusion of LUV. PEG-induced leakage
age (B) of SUVs composed of DMPC (hexagons), POPC (dia- (triangles) and contents mixing (inverted triangles) of (A) egg PC
monds), PAPC (triangles), PLPC (inverted triangles), DOPC and (B) POPC LUV. Measurements used 0.5 mM lipid and the
(squares), and DLPC (circles). Experiments were carried out using ANTS/DPX assay.

0.057 mM lipid in the presence of the indicated concentrations of ) . . . . .
PEG. Content mixing was measured by the Tb/DPA assay, and fraction of probe in the bilayer increased with increasing

leakage was measured by the ANTS/DPX assay. lipid/probe ratio. Itis clear that £&NBD-PC partitioned less
favorably into and had a lower quantum yield in fusogenic
rates of thermal motions and decreased lipid packing densityunsaturated bilayers than into the non-fusing, saturated
in contacting bilayer leaflets were necessary for PEG- DMPC bilayers (octagons) to which we compared these. This
mediated fusion (Lee & Lentz, 1997). We report next our is opposite to what was observed in the fusogenic, perturbed
efforts to use two fluorescent amphipathg; NIBD-PC and LUV membranes that we studied previously (Lee & Lentz,
TMA-DPH, to probe the outer leaflets of the unsaturated 1997). In Figures 7 and 8, we summarize the variation of
SUV bilayers examined here. Cs-NBD-PC properties at a single lipid/probe ratio (500) with
Behavior of Ce-NBD-PC in Highly Cured, Unsaturated  the degree of unsaturation of the lipids used (Figure 7) and
Membranes.We show elsewhere that LUVs whose mem- then with the fusogenicity of SUV preparations (Figure 8).
brane outer leaflets have been perturbed by lipid removal or It is clearly seen that the behavior of the probe was different
by lipid shape changes demonstrate an enhanced ability toin SUVs prepared from doubly unsaturated versus mixed-
incorporate GNBD-PC from micelles and enhance the chain (saturated/unsaturated) phospholipids. For the latter
quantum vyield of this probe (Lee & Lentz, 1997). These class of lipids, both the fluorescent lifetime and the fraction
changes in &NBD-PC properties correlated with increased of probe associated with the membrane decreased with
fusogenicity. We asked whether there would be a similar increasing unsaturation (circles in Figure 7, panels D and
correlation in the unsaturated SUV series examined here. TheE). For doubly unsaturated PCs, however, the fraction of
results of these experiments presented as a function of lipid/membrane-associated probe increased slightly with unsat-
probe ratio are presented in Figure 6. With the exception uration (circles), while the lifetime of ENBD-PC was
of one point at 750 lipids/probe, the lifetime of membrane- unaffected by the number of acyl chain double bonds
associated ENBD-PC was essentially invariant while the (squares). For both types of lipids, increased chain unsat-
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Ficure 6: Behavior of G-NBD-PC in various SUV preparations. %‘ 6.5
The average lifetimetfer) of membrane-associated-GBD-PC ]
(A) and the mole fractionfgen) of Cs-NBD-PC associated with g 6.0 -0
the membrane (B) are displayed over a range of lipid/probe ratios = T
for the SUV preparations examined here. Symbols indicating lipid °E"
species are as in Figure 4. 5.5
e ]
uration increased SUV fusogenicityd., decreased the PEG 5.0 o
concentration needed to mediate fusion (Figure 4)]. Con- 01234 é é 7
sistent with this, the behavior of ¢@NBD-PC did not
uniformly correlate with fusogenicity (Figure 8D). The Number of Double Bonds

ability of Ce-NBD-PC to partition into a membrane correlated Fgure 7: Vesicle curvature and the behavior of TMA-DPH and
directly with fusogenicity only for the two doubly unsaturated Ces-NBD-PC in phosphatidylcholine SUVs as a function of chain

lipids we studied, while the opposite behavior was seen for Unsatuhraéior(‘j (A) SUV g}”vatures éléragiéi)swe:je Ca'C‘lil?tte(? from

o e - mean hydrodynamic radii measured by and are plotted versus
SUvs p_repared from m'X?d C.ham lipids (Figure 8D). the number of unsaturated chains for lipids containing unsaturated
Behavior of TMA-DPH in Highly Cuwed, Unsaturated  chains in both then-1 andsn-2 positions (squares) or an unsaturated

Membranes. Ho et al. (1995) have used the excited-state chain in only thesn-2 position of glycerol (circles). (B and C) TMA-
lifetime of a chain-labeled phosphatidylcholine (DPHpPC) DPH fluorescence lifetime measurements were performed at room
fo suggest a correlation between waler peneraion andeRPEAIE 8 CRCiber 1 OONS L LIRS e o
decrease_d m_embrane order associated W'Fh mcreasgad .Cha' nlimited ang are givenin TabIeF?L. The larger lifetime cor):wponent
unsaturation in LUV. We have used the excited-state lifetime ;) and the limiting anisotropyR.) are plotted in B and C,

of a similar molecule, TMA-DPH, to monitor the polarity respectively. (D and E) The mole fractiorfs.¢;) of Ce-NBD-PC

in the upper regions of bhilayers (Lee & Lentz, 1997) associated with the membrane and the average lifetimgs)(of
composed of PCs of different acyl chain unsaturation. TMA- membrane-associated-8BD-PC at a lipid/probe ratio of 500 are
DPH has an advantage over DPHpPC in that it can be added”°t€d in D and E, respectively.

directly and exclusively to the outer leaflets of preformed a small disadvantage relative to DPHpPC in that it is
vesicles. The outer leaflets of PEG-aggregated vesicles comeexpected to be slightly more variable in its vertical position,
into contact during PEG-mediated fusion and are, thus, therelative to the water/hydrocarbon interface, than is DPHpPC
focus of our attention. TMA-DPH, on the other hand, has (Stubbset al, 1995).
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Ficure 8: SUV structural properties as a function of PEG
concentrations needed to induce vesicle fusion. (A) SUV curvatures
(see Figure 7A) are plotted as a function of the range of PEG
concentration in which fusion was first detected by our contents
mixing assays (see Figure 4). (B and C) TMA-DPH fluorescence
lifetime (z1) and limiting anisotropyRir), respectively, are similarly
plotted. (D) The mole fractiondferm) 0of Ce-NBD-PC associated
with the SUV membranes (see Figure 7) are similarly plotted.
Symbols are as defined in Figure 4. The fact that DMPC SUVs
did not fuse even in 35 wt % PEG is indicated by the arrows
pointing toward higher PEG concentrations.

When TMA-DPH was added to preformed SUVs, the
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charged polar head, remained associated with the vesicle
outer leaflet during this time. Phase shift and modulation
ratio data for SUVs prepared from different unsaturated PC
species were all well described by a model assuming two
lifetime components, as summarized in Table 1. The short
component was roughly invariant between membranes, while
the long component decreased with increasing chain unsat-
uration. In Figure 7B are plotted the long-lifetime compo-
nents from these two-component descriptions as a function
of the number of double bonds per lipid molecule. It is
evident that PC species with double bonds only ingh&

fatty acid produced bilayers in which TMA-DPH showed a
somewhat larger excited-state decay time (circles) than did
PC species with double bonds in both fatty acid chains
(squares). Comparison with the results presented in Figure
4 suggests an inverse correlation between TMA-DPH
excited-state decay time and “fusogenicity”. This inverse
correlation is clearly revealed in Figure 8B. In this, we have
plotted the TMA-DPH long fluorescence lifetime component
as a function of the range of PEG concentrations for which
fusion was first observed. TMA-DPH had the largest
lifetime in DMPC SUV, which do not fuse at PEG
concentrations up to 35 wt %. TMA-DPH lifetime decreased
in SUV in proportion to the ease with which fusion could
be induced, as evidenced by the decreasing PEG concentra-
tion needed to mediate fusion.

A decrease in TMA-DPH lifetime could imply either
increased thermal motion of the probe and/or its environment
or increased polarity of its environment. In order to
distinguish between these two possibilities, we analyzed
differential polarized phase shifts and modulation ratios in
terms of a model for TMA-DPH motion involving free
rotation in a restricted cone. We have shown that, if the
dual lifetime nature of TMA-DPH fluorescence decay is
taken into account, this model describes well the phase and
modulation data (Lentet al, 1996). The parameters that
describe this motion are as followsp, the rotational
correlation time, which is the exponential decay constant
describing the decay of fluorescence anisotropy to its
asymptotic valuer., after a pulsed excitation. The value
of r., approaches 0.4 for very small apical cone angles and
approaches zero for un-inhibited rotation. Basically, it
provides an order parameter for the orientation of TMA-
DPH relative to the normal to the bilayer firag, 1979).
The rate of probe diffusion is inversely related to bgth
andr.. The parameters that describe TMA-DPH motion in
terms of this model are presented in Table 1 for the several
unsaturated lipids we have examined. The average value
of ¢ was 1.3+ 0.3, and there was no correlation evident
betweenp and the number of double bonds in a PC species
or the concentration of PEG needed to promote fusion. The
values ofr., for mixed-chain, unsaturated PC SUVs also
showed no correlation with the degree of unsaturation (Figure
7C, open circles), but there was a marked difference.in
for DOPC versus DLPC SUVs (Figure 7C, open squares).
It was the difference between these two points that accounts
for most of the correlation seen betweenand the PEG
concentration needed to promote fusion (Figure 8C). We
conclude that, for doubly unsaturated (but not mixed-chain)
PC species, increased chain unsaturation leads to an increased

fluorescence intensity increased rapidly to a plateau valuerate and extent of thermal motions in the upper regions of

within 30 min. Measurements were invariant for up to 24
h, even at probe/lipid ratios sufficiently high to cause self-
quenching. This indicated that the probe, which has a

the bilayer.
It appears that the enhanced rate and extent of lipid
motions in the bilayer interface region accounts for at least
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Table 1: Summary of TMA-DPH Lifetime and Dynamics in Different Vesitles

LIPID T1 (ns) f1 T2 (ns) TAV Dzo/Hzo Xz ¢ lNo X
DLPC SUV 2.40+ 0.014 0.813+ 0.003 0.635+- 0.014 1.11 1.9 1.4% 0.016 0.064+ 0.004 0.3
DOPC SUV 3.3% 0.017 0.744+ 0.002 0.719 0.007 1.09 0.93 1.33 0.030 0.106+ 0.007 1.2
PAPC SUV 3.40+ 0.042 0.852+ 0.004 0.73H 0.023 1.09 2.5 0.9% 0.025 0.113+ 0.007 1.9
PLPC SUV 3.80t 0.025 0.83A 0.002 0.793+ 0.013 1.10 1.8 1.8% 0.034 0.114+ 0.005 0.8
POPC SUV 4.09t 0.035 0.85A 0.003 0.79H 0.017 1.11 2.3 1.04 0.042 0.118+ 0.009 3.7
POPC LUV 4.44+ 0.030 0.792+ 0.002 1.114+ 0.015 1.20 1.5 1.6z 0.035 0.09Gt 0.007 1.5
DMPC SUV 5.164+ 0.076 0.819+ 0.004 1.26+ 0.027 1.29 6.7 1.55 0.048 0.113+ 0.008 2.8

a Component lifetimes were obtained by global analysis oftfeur data sets for each sample, using the Globals Unlimited software. Goodness
of fit is indicated by the reduced mean squared deviations of calculated from experimental y8jugalges close to 1 indicate an adequate
description of the data. Parameter uncertainties are standard deviations.

some of the decrease in TMA-DPH fluorescence lifetime fusion occurs in the dehydrated state in the presence of PEG.
associated with the increased tendency of highly unsaturated (3) Increasing levels of acyl chain unsaturation in PCs used
PC SUVs to fuse. As noted above, however, the correlationto prepare SUVs encourages both rupture and fusion, but
between the extent of TMA-DPH motion and fusogenicity fusion more than rupture. A clear correlation between SUV

is non-existent for mixed-chain unsaturated PCs, although curvature and chain unsaturation appears to contribute to
the strong correlation between fusogenicity and fluorescenceincreased SUV fusogenicity.

lifetime persists for all unsaturated species (Figure 8B). Since  (4) The effects of increasing chain unsaturation on SUV

the other environmental parameter that can lower lifetime is outer leaflet structure were different for mixed-chain versus

polarity, this implies that the environment of TMA-DPH  doubly unsaturated PCs. The structural effect common to
becomes increasingly more polar in membranes with increas-inducing fusion in both types of unsaturated PC SUVs is

ing tendencies to fuse. Het al. (1995) and Stubbst al. probably increased penetration of the upper region of the
(1995) have suggested the use of deuterium isotope exchanggilayer by water molecules, leading to a thermodynamically

to detect exposure to water of a membrane probe having anunstable interface. The first three conclusions are self-

exchangeable hydrogen, such as TMA-DPH. Stulthal.  evident; the fourth is discussed below.

(1995) reported a 4.4% variation in the ratio of the  \ye have previously noted that the PEG concentration at

fluorescence lifetime of TMA-DPH incorporated into LUVsS
in a D,O buffer to that obtained in a 4@ buffer over the

which fusion is first observed reflects the inter-bilayer
distance at which juxtaposed bilayers can form a fusion

same range of unsaturation as examined here for SUVs. Thisptermediate (Burges®t al, 1992). Based on fusion

ratio was measured to be 1% 0.01 for each of the

measurements with phosphatidylcholine/phosphatidyletha-

membranes studied (Table 1). Thus, this measurement camolamine mixed vesicles, we suggested that fusion might
not detect a difference in water exposure between SUVS gccur at the point of molecular contact (roughly a 5-A inter-
having different extents of unsaturati_on. We noted else- bilayer water layer at 35 wt % PEG for DOPC vesicles) or
where, however, that the 2D/H;0 ratio for TMA-DPH at a larger inter-bilayer separation if approaching bilayer
seems to reflect more the penetration of probe into the |eaflets were sufficiently thermodynamically destabilized
membrane than the penetration of water (Lee & Lentz, 1996). (Burgesset al, 1992). The parameters characterizing
This is evi_dent in the fact that the ratio is greater_in POPC membrane- membrane hydration repulsion vary little with
LUV than in POPC SUV, for which water penetration must acy| chain unsaturation within the same lipid class (Rand &
almost certainly be greater given the positive curvature stressparsegian, 1989). These observations argue that unsaturated
experienced by SUV bilayer outer leaflets. We have pc syvs were probably not in molecular contact at the low

recorded a similar result for DPPC LUVs versus SUVs (ratio
= 1.11 versus 1.14). We conclude that TMA-DPH pen-
etrates more deeply into SUV than into LUV bilayers. We
conclude also that the similar,D/H;O ratios observed for

PEG concentrations needed to fuse these vesicles (Figure
4). It would appear, then, that the substantial increase in

fusogenicity that accompanies chain unsaturation reflects

increased destabilization of approaching leaflets.

SUVs with different degrees of unsaturation indicate that oy results suggest that outer leaflet destabilization of

the probe penetrates to 'sir'nilar.depths into all the§e MeM-gyvs prepared from unsaturated PCs probably results from
branes, but that slight variations in depth of penetration could ,ree stryctural effects, depending on the nature of the PC
easily obscure variations in water penetration. It appears species constituting the SUV bilayer. The first is increased
that the TMA-DPH DO/H;0 lifetime ratio is not capable  memprane curvature (Figure 8A). The asymmetric packing

of reporting the small increases in the extent of water gy 5in associated with extreme curvature is well documented
penetration implied by the decrease in TMA-DPH lifetime (Sheetz & Chan, 1972; Suurkuusk al, 1976; Huang &

that accompanies increased unsaturation of SUV componeny1ason. 1978: Bramhall, 1986: Teissik987: Schutet al,
lipids. 1982). Probably as a result, SUVs fuse readily below the
order/disorder lamellar phase transition (Suurkuaslal,
1976; Lichtenbergt al, 1981) and even slowly in the fluid
The following conclusions result from this work: phase (Lentzet al, 1987). The increased membrane
(1) The Th/DPA and the ANTS/DPX assays give identical curvature of SUV bilayers certainly increases outer-leaflet
fusion profiles for egg PC SUVs treated with increasing free volume, as illustrated by the fact that the fraction of
concentrations of PEG, thereby confirming the validity of Cs-NBD-PC partitioning (at a lipid/probe= 500) into
both assays as used to follow PEG-mediated fusion. disaturated PC SUVs was increased to 0.59 (Figure 6) from
(2) The observed fusion of egg PC and other unsaturated0.47 in disaturated PC LUVs (Lee & Lentz, 1997). How-
SUVs followed by the Th/DPA assay demonstrates that ever, dipalmitoylphosphatidylcholine SUVs are also highly

DISCUSSION
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curved (1/radius= 0.059, comparable to DLPC SUVs-Figure a higher surface free energy (surface tension). Thus, we
7A), and disaturated PC SUVs still do not fuse at PEG suggest that the key event leading to fusion is the thermo-

concentrations below which rupture occurs (Lestzal, dynamic destabilization of contacting outer leaflets resulting
1992). Thus, chain unsaturation appears to be crucial to SUVfrom increased water penetration. This might favor forma-
fusion in ways other than increasing curvature. tion of some structure that deviates from the lamellar motif

The second structural effect appears to be increased freeand that serves as a fusion intermediate. At present, we favor
volume and thermal motion in the upper regions of the the “stalk” intermediate proposed by Chernomordik and
contacting outer leaflets of fusogenic bilayers. We report colleagues (1995).
elsewhere that fusogenic perturbations of LUV outer leaflets
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