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ABSTRACT. It has been shown that there is a correlation between the fusogenecity of synthetic peptides
corresponding to the N-terminal segment of wild-type and mutant forms of simian immunodeficiency
virus gp32 (SIV) and their mode of insertion into lipid bilayers. Fusogenic activity is only observed
when the peptide inserts into the bilayer with an oblique orientation. Since bilayer destabilization is a
necessary step in membrane fusion, we investigate how fusion peptides, which insert at different orientations
into lipid bilayers, structurally affect model membranes. We use X-ray diffraction to investigate the
structural effects of two synthetic peptides on three different lipid systems. One peptide corresponds to
the wild-type sequence (SIVwt), which inserts into the membrane at an oblique angle and is fusogenic.
The other peptide has a rearranged sequence (SIVmutV), inserts into the membrane along the bilayer
normal, and is nonfusogenic. Our results are expressed through different structural effects, which depend
on the lipid system: for example, (i) disordering of thg phase as evidenced by the broadening of the
diffraction peaks, (ii) morphological convertion of multilamellar vesicles into unilamellar vesicles, (iii)
decrease of the hexagonal phase cell parameter when SIVwt is added, and (iv) change in the conditions
for the formation of cubic phases as well as its kinetic stability over a range of temperatures. Some of
these observations are explicable based on the fact that the SIVwt destabilizes bilayers by inducing a
negative monolayer curvature, while the SIVmutV destabilizes bilayers by inducing a positive monolayer
curvature. Finally, we present a model which describes how these findings correlate with fusogenic activity
and fusion inhibitory activity, respectively.

Enveloped viruses infect their host cells by fusing with results in a change of the distribution of hydrophobicity
either the plasma membrane or with the endosomal mem-around the helix axis, without changing thehelicity
brane, after endocytosis of the virion (Ohnishi, 1988; (Brasseur etal., 1990; Horth et al., 1991). Fusogenic activity
Hoekstra & Wilschut, 1989; Marsh & Helenius, 1989). is only observed when the peptide inserts into the bilayer
Fusion activity relies on membrane glycoproteins in the viral with an oblique orientation (Horth et al., 1991). It has been
envelope which mediate membrane merging (White et al., suggested that a possible mechanism by which peptides
1983; Dirgines, 1985). Studies of synthetic peptides which insert into membranes at an oblique angle perturb
corresponding to the N-terminal domain of the transmem- pjlayer structures is by expanding the center of the bilayer
brane glycoprotein showed that at least part of the propertiesmore than the bilayer surface, thus increasing negative
attributed to the glycoprotein depends on a limited stretch cypyature strain and destabilizing the bilayer relative to the
of its N-terminal domain (Martin et al., 1991). In fact, formation of inverted phases. This would occur as a result
synthetic peptides corresponding to the so-called "fusion of precession of the fusion peptide causing the phospholipids
domain” of the influenza virus hemaglutinin are able 10, cjose contact with the peptide to become tilted with respect

induce fusion of lipid vesicles (Wharton et _al., 1988)' It {0 the bilayer normal (Brasseur et al., 1990). The destabi-
has even been shown that a model HIV-I fusion peptide can lization of the lipid bilayer within the area of adhesion is a

promote the mixing of aqueous contents of liposomes (Nieva crucial step in membrane fusion (Chernomordik et al., 1995).

etal., 1994). ) ~_ Evidence of viral fusion peptides destabilizing bilayers by
There seems to be a correlation between the fusogenicityinducing a negative curvature strain in the membrane have

of synthetic modified peptides corresponding to the N- peen presented for the amino terminal of the HA2 protein

terminal of simian immunodeficiency virus (SVyp32 and of influenza virus (Epand & Epand, 1994; Epand et al., 1992)

their mode of insertion into lipid bilayers (Horth etal., 1991, 5.4 for the N-terminal of the gp32 glycoprotein of SIV
Epand et al., 1994). It has been proposed that the orientatiortEpand et al., 1994).

of the peptide in the lipid bilayer changes as a consequence
of the rearrangement of the amino acid sequence which
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In this work we investigate how the orientation of NaCl, and 1 mM EDTA, pH 7.4, buffer and were vortexed
hydrophobic viral fusion peptides is related to their structural at room temperature. Differential scanning calorimetry
effect on lipid polymorphism and try to correlate this with (DSC) and X-ray diffraction experiments have shown that
membrane fusion. We use X-ray diffraction to study the samples prepared in this way still contained residues of HFP,
interaction of two different peptides, which resemble the which caused a dramatic decrease in the lamellar to
N-terminus of the simian immunodeficiency virus (SIV) hexagonal phase transition temperature and highly disordered
glycoprotein gp32, with model membranes. These two the L, phase (data not shown). Therefore, the samples were
peptides have the same amino acid composition, and henceentrifuged after hydration in order to separate the lipid phase
hydrophobicity, but altered amino acid sequences. The two from the aqueous phase. The aqueous phase was removed
peptides are and replaced with fresh buffer, and the sample was vortexed

again. This procedure was repeated three times. DSC and

SIV wt: GlyValPheValLeuGlyPheLeuGlyPhelLeuAla X-ray data of the samples prepared in this way gave no

evidence of the presence of HFP residues. Samples contain-
SIV mutv: GIyVaIPheGIyVaIAIaLeuLeuPheLeuGIyPhe |ng peptide were prepared in the same way as described

, , i above. Weighed amounts of peptide in HFP were added to
The first peptide corresponds to the wild-type sequence ygighed amounts of lipids in HFP so as to give the desired
(SIVwt), which inserts into the membrane at an oblique angle peptide to lipid molar ratios.

to the membrane normal (Martin et al., 1991). 'i'he oth_er X-ray Diffraction Experiments Nickel-filtered Cu Ko (4
one has a rearranged sequence (SIVmutV) and inserts inta_ q g4 A) X-ray was obtained from a Rigaku-Denki (Model
the membrane perpendicular to the plane of the bilayer RU-200B) rotating anode. X-rays were focused using a
(Martin et al., 1994). Our results indicate that both peptides g 4nk's type camera and recorded using a position-sensitive
have a bilayer destabilizing effect. However, contrary 0 oqn0rtional counter TEC Model 205 (Sen et al., 1990).
the SIVwt which destabilizes the bilayer by inducing a noriented lipid dispersions, prepared as described above,
negative curvature strain, the SIVmutV peptide destabilizes \yere measured in 1.5 mm @ glass capillaries in all diffraction
the bilayer by inducing a poeitive curv_ature strain_. experiments. The specimen temperatut®.6 °C) during

The results reported in this work reinforce the idea that y_ay giffraction was controlled by a thermoelectric device.

the primary role of active viral fusion peptides is 10 o the measurement of lattice spacing vs temperature, the
destabilize bilayers by increasing negative curvature Stra'ntypical protocol involved stepwise heating the specimen in

(Epand et al., 1994). We propose a model to illustrate how jntervals of 10°C in the temperature range of the phase,
the two opposite bilayer destabilizing effects correlate with i, intervals of =2 °C in the proximity of the bilayer to
a fusogenic action and expected fusion inhibitor action of hexagonal phase transition temperatufg)(and then in
the. two peptides, respectively. The anticipated inhii)itery intervals of 10°C aboveTy. The systems were allowed to
action of the SIVmutV is based on analogy with lysolecithins - ¢ jjjibrate for about 5 min at the desired temperature before
which also inhibit fusion (Chernomordik et al., 1993; Yeagle easurement. The X-ray exposure times were typically of
etal., 1994) and are known to be a type | structures promoter.c_ 15 min using the position-sensitive detector. Figures 1,
Type | structures are those with phospholipid headgroups 3, 7, 10, and 12 present such results. It should be noted
facing toward the outside of the structure such as occurs iNyhat these diffractograms must be symmetrical for the
micelles. In type Il structures, phospholipids have the ,qnoriented samples we are using. Deviations from a
oppesite orientation such as with inverted micelles or with symmetrical pattern are largely due to position-dependent
the inverted hexagonal phase,{f We have also demon- \3iaiions in detector efficiency. The center of all of the
strated that one of the actions of the lysophosphatidylcholine diffractograms have two large positive peaks on either side
is to prevent the oblique ir_tsertion of the SIV fu.sion peptide 4 5 deep trough. This pattern is a normal consequence of
into the membrane (Martin et al.,, 1993; Martin & Ruyss- e presence of the beam stop and is not a result of diffraction
chaert, 1995). by the sample. Because of the small size of the figures, some
MATERIALS AND METHODS Qf the higher, Weai<er orders cannot ea_si_ly be seen in the
figure but are readily observed in the original data and are
Sample PreparationThe lipids, monomethyldioleoylphos-  referred to in the text. Figure 5 is derived from an exposure
phatidylethanolamine (MeDOPE; lot no. 181mpe-53), di- on Kodak (Rochester, NY) DEF 5 Scientific Imaging Film.
palmitoleoylphosphatidylethanolamine (DPoPE; lot no. 161pe- The spacing of the peaks in the diffractograms allows us
16), dioleoylphosphatidylcholine (DOPC; lot no. 181pc-115), to specify the nature of the packing symmetry of the phase,
and dioleoylphosphatidylethanolanine (DOPE; lot no. 181pe- i.e., L, Q, or H, while the distance of peaks from the center
159), were purchased from Avanti Polar Lipids (Alabaster, of the symmetrical powder pattern allows us to calculate the
AL). Lipids were used without further purification. repeat od-spacing of that phase. This is done, after baseline
1,1,1,3,3,3-Hexafluoro-2-propanol (HFP; lot no. 64H3493), subtraction, for all of the easily resolvable orders and the
pure, was purchased from Sigma (St. Louis, MO) and used calculated d-spacing is given as an average of these values.
as solvent for the preparation of lipid films to make Typical absolute lattice spacing, calibrated against C19
multilamellar vesicles (MLVS). (d = 26.2 A), is accurate te-0.5 A for lattices up to~80
Lipid films were prepared by adding ice-cold HFP to a A and to+1—-2 A for larger lattices.
weighed amount of lipids, vortexing the mixture until a Freeze-Fracture Electron Microscopy.Samples were
homogeneous solution could be achieved, and evaporatingrozen by the rapid-freeze sandwich method as described
the HFP under a stream of;NIn order to remove residual  previously (Hui et al., 1985). Briefly, 0.4L of the lipid
traces of HFP, samples were placed under vacuum for 2 hdispersion was sandwiched between two thin copper plates
and then lyophilized overnight. The films were subsequently and quickly plunged in liquid propane, without any cryo-
hydrated by adding ca. 2 mL of 20 mM Hepes, 150 mM protectant. The frozen samples were fracturee 520 °C
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in a modified Polaron E7500 unit. Replicas of the fracture
surfaces were prepared by evaporating platinum followed
by carbon. The replicas were washed with a 1:1 chloroform
methanol mixture and examined in a Hitachi H-600 electron
microscope.

T T T T T T
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RESULTS AND DISCUSSION

The effects of the two SIV peptides, the wild-type and
the mutant form, on three different lipid systems were
investigated. The results are reported below.

MeDOPE. Dispersions of MeDOPE in aqueous solutions
are found to form different ordered structures depending on
both the temperature and thermal history of the sample. The
polymorphic behavior of this lipid has been extensively
studied with a large variety of techniques (Gruner et al., 1988;
Siegel & Banschbach, 1990; Gagne et al., 1985; Silvius &
Brown, 1986; Van Gorkom et al., 1992). Basically, this

intensity (arbitrary units)

system may order in three different structures: lamellar,

cubic (Pn3 or Pn3m), and hexagonal. The cubic structures |

are observed, or not, as stable or metastable phases between o p ) o .

the lamellar and hexagonal phases. This depends on the time 500 1000 1500 500 1000 1500 500 1000 ,5'00

scale of the temperature scan across the lamellar to hexagonal channel (#)
phase transition (Van Gorkom et al., 1992). If the sample

is heated relatively fast (40C/h), the system will undergo F'G‘IJRE 1:| X-ray ((leiffract:ﬂon patterns O?t{?:”eSNfor th‘“i.év'eD?ZE d
Py PO . system alone and In the presence O e 0 peptides stuaied:
a phase transition from the liquid crystalline lamellar phase \j.popg (A) at 30°C, (B) at 60°C, and (C) at 70C; MeDOPE/

(La) to a type Il hexagonal phase (Hat Ty = 60—66 °C SIVmutV, R = 1072 (D) at 30°C, (E) at 60°C, and (F) at 70C;
(depending on the sample concentration). If the system isand MeDOPE/SIVWtR = 1072 (G) at 30°C, (H) at 60°C, and (1)
heated relatively slowly<€13°C/h), it will undergo a phase  at 70°C.
transition from the lamellar to a cubic phase at a temperature,
lower thanTy, which will depend on scan rate and sample
history. It has also been reported that the thermotropic phase
behavior of this system, as well as its structural dimensions,
is highly concentration dependent (Gruner et al., 1988). In
the experiments reported below, the samples have been
handled such as to have the pure MeDOPE transiting directly
from the lamellar to the hexagonal phase. For our samples
this occurred affy ~60 °C. The samples were treated in a
systematic way in order to ensure reproducibility and for
the sake of comparison. Samples were heated in intervals
of 10°C in the temperature range of thg jhhase, in intervals 64 |
of 1—2 °C in the proximity ofTy, and in intervals of 10C
again abovely. The systems were allowed to equilibrate 62 |
for about 5 min at a desired temperature before measurement. 0
Measurements took from 10 to 15 min. Using this protocol, Temperature (°C)
no traces of cubic phase formation were detectable from the . .

Ficure 2: d-Spacing calculated from the X-ray diffractograms

X-ray d|ffr.act|or.1 mea.surements f(?r the pure lipid system. obtained from the system MeDOPE in the presence of the two forms
The typical diffraction data obtained for the pure system of the SIV fusion peptide studied, at different molar ratios and

is shown in Figure 1. Under the experimental conditions tempegature, respectivelyOf MeDOPE; ) MgDOPE/SIth,R

used, only the first four order reflections of the lamellar phase = 10 % (0) MeDOPE/SIVwt,R = 5 x 10 2 (@) MeDOPE/

( -Spacing ratio L.2.s. ...) Were o serve ( Igure » € The d-spacings were calculated using the Bragg lawl:sih 6 =

third and fourth orders are clearly seen in the original data). ;.

The system transits to the hexagonal phase in what we refer

to as an “ordered way”. By this we mean that, in the to increased curvature strength resulting from acyl chain
temperature range where the phase transition takes placesplay at higher temperatures. With increasing temperature,
lamellar phase domains coexist with hexagonal phasethe bilayer gets thinner and the ratio between the minimal
domains. Due to phase coexistence, diffraction peaks fromsurface and the parallel surface of the polar/nonpolar interface
both phases are observed around the phase transition temeorresponds to an increased molecular wedge shape. Our
perature (Figure 1B). Figure 1C shows a typical diffracto- X-ray diffraction results for the pure system in the lamellar
gram obtained for the Hphase. Five diffraction peaks are  and hexagonal phases, respectively, are in agreement with
observed ¢-spacing ratios Mé:ﬂ:ﬁ:x/@:...). As the data previously published (Gruner et al., 1988). However,
temperature is increased, the reflections shift to higher anglesno phase coexistence in the transition temperature range has
indicating that the hexagonal phase cell parameter decreasebeen previously shown by X-ray diffraction, to our knowl-
(Figure 2). This is a typical result forHhases and is due edge, for this system. The coexistence of lamellar and
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hexagonal domains is in agreement with a mechanism of . — .
transition in which a flattened or ribbon-like tubule structure °r A
is formed by zipping the adjacent bilayers along attachment I
lines, as proposed by Hui et al. (1983), that is, without cubic
intermediates. It should be noted that the line attachments
must be regularly distributed, or else the ordering of the
cylinders in an hexagonal lattice must occur very fast,
otherwise no ordered phase would be observed.

The hexagonal phase cell spacing decreases slightly in the
presence of the SIVwt (Figure 2). However, the temperature
dependence of the cell parameter in thedHase is the same
for both the pure lipid and the peptide-containing system. It
should be noted that although the decrease induced in the
hexagonal phas#spacing by the peptide is relatively small,
it is significant when compared to that induced by dodecane
for both MeDOPE and PE/PC mixtures (Gruner et al., 1988).
Dodecane, when added to these lipid systems, causes a
dramatic decrease in the lamellar to the hexagonal phase
transition temperature. This may be a consequence of
dodecane relieving the hexagonal phase hydrocarbon packing
constraints, rather than by changing the intrinsic radius of
curvature of the monolayer. In the case of the SIVwt peptide,
for which we have observed a slight decrease in the
hexagonal cell parameter, the bilayer-destabilizing effect is 0
likely due to a change in the monolayer intrinsic radius of ! !
curvature (the peptide is not likely to be sufficiently 500 1000 1500
hydrophobic to fill the hydrocarbon packing voids among Channel (#)

the H, phase cylinders). .Sma”er CQII parameters in the H Ficure 3: X-ray diffraction profiles from MeDOPE samples with
phase correspond to a higher negative curvature of the lipid 3,4 without peptide at 76C. Samples were heated in one single
monolayers, unfavorable for bilayer structures. This is in fast step starting from room temperature. (A) MeDOPE; (B)
agreement with the idea of the peptide affecting the systemMeDOPE/SIVwt,R = 5 x 1072, and (C) MeDOPE/SIVmutVR
due to its oblique orientation in the membrane. =5x 102

A general result is a decrease in the degree of order of mellar vesicle, with many layers, characteristic of this
the structures. This disordering effect depends on the peptidespecimen. Relatively few unilamellar vesicles can be found
content in a directly proportional way, as well as on (not seen in field shown in Figure 4A). Samples with
temperature. The diffraction peaks broaden, indicating a intermediate SIVwt/lipid molar ratiofR < 1072 L, and H;
gradual loss of order in both the lamellar and hexagonal diffraction patterns still seen) contain both MLVs and
phases (Figure 1, panels G and I, respectively). Within the unilamellar vesicles at room temperature (data not shown).
temperature region of the lamellar phase, there is also aFigure 4B-D show the micrographs from the peptide
decreased order with increasing temperature. At relatively containing system at 60C. The sample was heated in one
high peptide to lipid molar ratios (e.dQ2 = 5 x 107?), the single fast step to this temperature. This corresponds to the
system is completely disordered over the entire range of procedure by which we were able to restore the hexagonal
temperatures studied. No diffraction peaks are observed inordering of the lipids from a highly disordered condition.
either the L, or the H, phases. There is only a continuous The three different coexisting morphologies are as follows:
scattering curve, indicative of a highly disordered specimen (i) amorphous, Figure 4B; (ii) multilamellar, Figure 4C; and
(like the pattern shown in Figure 1H). It is possible, though, (iii) hexagonal, Figure 4D. In this case, the multilamellar
to restore the hexagonal lattice to the system by rapidly phase does not seem to constitute vesicles, but rather simply
increasing the temperature to 7G. As shown in Figure  stacked lamellae. We propose, on the basis of these results,
3B, the diffractogram obtained from the peptide containing that the disordering effect we observe in the X-ray diffraction
sample submitted to such a thermal treatment is typical of patterns upon addition of peptide is due to gradual vesicu-
the hexagonal phase. The diffractogram obtained from the lation of neighboring lamellae within the MLVs, which starts
pure lipid system submitted to the same thermal treatmentas a positional disorder (Guinier, 1963) due to attachments
is also shown for comparison and is also characteristic of between adjacent bilayers. Part of the broadening of the
the H, phase (Figure 3A). reflection peaks might also be due to the fact that, upon

In order to investigate the nature of the disordering effect vesiculation, the size of the MLVs decreases. The trans-
observed in the diffractograms, lipid/peptide samples were formation of MLVs to smaller vesicles with fewer lamellae
rapidly freeze-quenched from temperatures below and abovemay be thermodynamically favorable (Hartung et al., 1994),
Ty, respectively, and examined by freeZeacture electron but the SIVwt peptide may greatly accelerate the rate of this
microscopy. The freezefracture micrographs shown in transformation. Once unilamellar vesicles are formed, these
Figure 4 illustrate the morphologies of the pure MeDOPE structures cannot transit into hexagonal phase rods, and
dispersion at room temperature and of a peptide-containingtherefore not even a disordered hexagonal phase is formed.
sample with molar ratioR = 5 x 1072 both at room However, as has been shown, it is possible to cause these
temperature and at 6@. The micrograph of the pure lipid  unilamellar vesicles to fuse into MLVs again by submitting
at room temperature (Figure 4A) shows a typical multila- them to rapid heating. We suggest that the amorphous
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FiIGURE 4: Freeze-fracture electron micrographs of (A) MeDOPE at room temperature ar@jB1eDOPE/SIVWt,R = 5 x 1072, after
being heated to 60C. Scale bars represent 50 nm.

morphology observed (Figure 4B) is an intermediate betweenwere spaced in the ratio of2:v/3:v/6:v/8 v9:v/11:v/12.

the unilamellar and multilamellar vesicle structures. It should The smallest unit cell space groups consistent with orders
be noted that the mechanisms proposed for formation of thegpaced in these ratios are the Pn3m and Pn3 with a 140 A
hexagonal phase imply interlamellar connections between ce|| parameter. Gruner et al. (1988) observed the same lattice
adjacent bilayers in stacked lamellae (Hui et al,, 1983).  fo the pure lipid system. In their work, they were able to

The SIVmutV peptide also causes a decrease in the degregyisiinguish nine diffraction orders, including the fourth one.
of order of the MeDOPE .system, both when In t_he lamellar Since the fourth order peak occurs very closely to the sixth
ﬁ\l?eh;é(sgwtarl] piﬂirsee;s(iﬁlgurg_lt%é Egigi?rﬁ:rglgffa one, it is possible that it is not well resolved in our case due
though, differently from t%epSSStem contaiﬁing SIth'the to the broadness of the reflections. The value obtained for
' : . . . ' - the unit cell of the cubic lattice of the pure lipid system is

hexagonal phase is found to coexist with domains of cubic slightly lower than the one we obtained (see Table 1). It is

structure for 60°C < T < 80 °C (Figure 5). The ial hat th bic bh b db )
crystallographic data corresponding to the diffraction picture €SSential to note that the cubic phase observed by Gruner's
group was formed under completely different conditions than

shown in Figure 5 are listed in Table 1. The hexagonal cell c h
parameter was calculated as the average from the valuedhe one induced by the SIVmutV. The cubic phase observed
obtained from the three reflections assigned to this phasein the pure lipid system formed either when the specimen
and has a value between that obtained for the pure lipid Was held at temperatures lower, but closeTg,for very
system (75.6+ 0.5 A) and that obtained for the SIvwt long times or when the sample was cooled down through
containing system (72.6& 0.5 A) at the same temperature. Th. Upon cooling down, the evolution of the system into a
The cell parameter obtained for the cubic lattice was cubic phase was faster, but still slow compared to the cubic
calculated as the average from the values calculated fromphase formation induced by the SIVmutV peptide. In order
the seven orders of diffraction observed. These reflectionsto obtain the well resolved X-ray patterns they reported,
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Table 1: Assignments and Spacings of Reflexions from the Diffractogram Shown in Figure 5

literature literature
MeDOPE/SIVyy (MeDOPE) (MeDOPE)
cubic hexagonal cubic hexagonal
d (A) measured W+ K2+ 12 d (A)cac h? + k2 + hk d(A)carc h + k2 + 12 d(Ad) R+ ke + 12 d(A)
101 2 99 2 96.2
82 3 81 3 78.5
64.2 1 63.6 4 68.0 1 64.5
56.5 6 57.2 6 55.5
48.8 8 49.5 8 48.1
46.1 9 46.7 9 45.3
43.0 11 42.2 11 41.0
40.3 12 40.4 12 39.3
36.8 3 36.7 3 37.2
32.0 4 31.8 4 32.3
acac = 140 A dy = 735 A a=136 A dy = 745 A

aFrom MeDOPE/SIVmutVR = 1072, at 60°C.

SIVmutV, we found no thermal treatment which enabled the
system to reorder in a hexagonal lattice abdwe(Figure
3C).

Thus the presence of the SIVmutV peptide leads to more
facile formation of a cubic phase under conditions where an
H, phase is formed with the pure lipid or in the presence of
SIVwt. Destabilization of the i phase by decreasing the
curvature energy and the destabilization of the lamellar phase
with disordering of the system, at rather low peptide contents,
can only be explained by a positive curvature strain caused
by the SIVmutV peptide. A positive curvature strain would
explain the disordering effect in the,lphase, because it
would cause local bending of the bilayers, analogous to the
case of a negative one, resulting in possible contacts between
adjacent bilayers. A positive curvature strain would also
explain a decrease in the curvature of inverted phases. We
propose that the positive curvature contribution of SIVmutVv
is due to a mismatch between the length of the peptide
penetrating the hydrocarbon core and the length of the
hydrophobic portion of the bilayer. Such a mismatch would

] . cause a greater expansion of the membrandvent interface
E'E}J;Et?/“ ,%( :rafogz'ff;"’tugggéé%t:t%?rgg&;g?nsy;ﬁ?amz?a%ﬁg thar'\'of the hydrocarbon region of the bilayer and hence
data are given in Table 1. positive curvature.

The effect of the SIVmutV peptide on the tell spacing
Gruner’s group left a sealed X-ray capillary undisturbed for was not a continuous one. Tliespacing decreased upon
1.5 years (Gruner et al., 1988)! The observation of cubic addition of peptide up tR = 3.3 x 102 and then increased
structures when the mutant form of the SIV peptide is added at R = 1072 (Figure 2). Moreover, the temperature depen-
to the system is very significant. It indicates that the dence of the cell parameter was not the same for the pure
SIVmutV accelerates the rate of formation of the cubic phase lipid and the peptide containing systems. We have no
in the system. This effect is opposite to that of alkanes (Van explanation for these observations.
Gorkom et al., 1992) which promote the formation of H Diffraction patterns of systems taken in the temperature
phases. For the hexagonal phase to be stable, the amouriange where the phase transition occlis £60 °C), when
of frustration between the monolayer curvature free energy any of the peptides were present, consisted of continuous
and the free energy of stretching of the lipid chains must be scattering curves, indicative of highly disordered structures.
very large (high curvature free energy in the lamellar phase Therefore, we refer to the phase transition in the peptide
under same conditions). Since cubic phases correspond tqontaining systems as a structurally “disordered” transition.
a lower amount of frustration (Anderson et al., 1988), the A plausible explanation for this effect might be the creation
peptide must be lowering the mean curvature energy or of jrregular attachments between adjacent bilayers due to
raising stretching energy. the local curvature modulation action of the peptides in the

Further increase of the peptide to lipid molar ratio up to monolayers. These irregular attachments create defectuous
R=5 x 1072, causes a complete disordering of the system. regions in the stacked membranes, which disturb the kinetics
Similar to what has been observed at this molar ratio in the of formation of regular line attachments between neighboring
presence of the wild-type peptide in the whole range of bilayers, thus disordering the evolution of the cylindrical
temperatures studied (280 °C), the typical diffraction structures from the bilayers. An alternative explanation is
patterns from the L and H, phases were replaced by a that both peptides increase the rate of formation of cubic
continuous scattering curve. However, in the case of the structures in the system except that in the case of SIVwt the
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cubic phase is disordered and/or only transiently stable, while
in the case of the SIVmutV it forms a stable structure. Each
peptide thus accelerates the rate of formation of the cubic
phase in the transition range by destabilizing phases at
different sides of the phase transition. It should be noted
that both peptides have a bilayer destabilizing effect.
However, the results described above indicate that the SIVwt
destabilizes the bilayer by inducing a negative curvature
(favorable for type Il structures), while the SIVmutV
destabilizes the bilayer by inducing a positive curvature
(favorable for type | structures). This is in agreement with
the observed increase of, bf DPoOPE containing SIVmutV
(Epand et al., 1994) and also with the nonfusogenicity of
the viruses containing the mutant fusion peptide (Martin et
al., 1992). Moreover, lysolecithins, which are known to be
type | structure promoters, also raise fheof various lipid

systems (Epand, 1985) and have been shown to have an-

antifusogenic action (Martin et al., 1994, 1995).

The DOPE/DOPC (3:1) binary system has been suggested
to have an intrinsic radius of curvature similar to that of the
MeDOPE system (Gruner, 1992). This is supported by the
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observation that in the temperature range where the two
systems are in the hexagonal phase,dh&ersusT curves
even overlap. However, the DOPE/DOPC (3:1) transits from
the lamellar to the hexagonal phaseTat= 47 °C rather ; . - .
then above 60C as with MeDOPE. This indicates that the Sut)iem'xlguéfpél?ﬂ)e a?ggcl,n(Bt?Zt ar;efg,ngﬁdo(fc)thaet ;‘gg; %elgt'des
binary system has a higher intrinsic curvature energy than pc/SivmutV,R= 5 x 102 (D) at 30°C, (E) at 47°C, and (F) at
MeDOPE, but it is not sufficiently different to cause a change 70 °C; and PE/PC/SIVWtR = 1072 (G) at 30°C, (H) at 47°C,

in thed-spacing of the i phase. Below the phase transition and () at 70°C.

temperature of MeDOPE, the slope of tdespacing vs
temperature curve of the binary system are remarkably
different from that of MeDOPE (Gruner et al., 1988). It
has been suggested that this behavior, which has been
observed with other mixed lipid systems, is due to different
ratios of the two lipid species (demixing) in different phases
(Tate & Gruner, 1987). A notable aspect is that the DOPE/
DOPC (3:1) system has very roughly the same average
number of N-linked methyl groups per molecule as does
MeDOPE. The diffraction patterns obtained with this lipid
mixture (Figure 6A-C), for both the |y and H, phases, very
much resemble those obtained for MeDOPE (Figure-1A
C). Moreover, in the transition temperature range, phase
coexistence is observed for this system as well.

As for the MeDOPE system, peptide was added to the 30 40 50 60 70
binary mixture up to molar ratioR =5 x 102 However, Temperature (°C)
in this case, absolutely no effect on the cell parameter of Ficure 7: d-Spacing calculated from the X-ray diffractograms
the hexagonal lattice is observed in the presence of eitherobtained from the lipid mixture DOPE/DOPC (3:1) alone and in

peptide (Figure 7). It is interesting to note that the addition the pr?_ser;ceq)o)f FEE?PIC\EVO@f)OLnEPCg/;I\\// Iusionlr()ﬁgtideds(tvu)died'
; ; i espectively: ; wt,R = ; an
of dodecane to this same binary system causes a S|gn|f|canf3E/F,C/SNmutV’R — 5 x 10°%. The d-spacings were calculated

increase of the cell spacing at temperatures below the gjng the Bragg law: @sin 6 = na.

transition temperature of MeDOPE! However, above this

temperature, thd-spacings are absolutely the same as those However, a closer analysis of the first order reflections shows
obtained for the pure binary system (Gruner et al., 1988). that in this temperature range the peak is much broader,
The slope of the L repeat spacing versds though, is quite indicating a lower degree of order (Figure 8). The width of
peptide dependent. Although a disorder effect is observedthe peaks has been calculated by fitting a Gaussian and taking
in this system too, the system never becomes completelyits width at half-height as a measure of the width of the peak.
disordered. Even at the highest peptide contents, thent If the broadness of the first order reflections is taken as a
H, diffraction patterns were observed below and abdye measure of the disorder effect induced by the peptides, then
respectively, for both peptides. Diffractograms obtained for the following can be concluded: (i) arouiid the system is

the binary system both in the presence of the wild-type and more disordered; (ii) the magnitude of the disorder effect is
mutant peptides are shown in Figure 6D The disorder directly proportional to the amount of peptide in the system
effect is much weaker in this system than in the MeDOPE. (Figure 8); (iii) the disorder due to the mutant-V peptide is
This is clearly seen in the temperature range of the phasehigher than that due to the wild type (Figure 8). This last
transition, where diffraction peaks are always observed. point can be rationalized on basis of our results for the

channel (#)
FiGure 6: X-ray diffraction patterns obtained for the DOPE:DOPC
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Ficure 8: Width of the first order peak calculated from the ' ' I(; F ' ' '
diffraction profiles obtained for the system DOPE/DOPC with and
without peptide. Widths were calculated by fitting a Gaussian to -
the first order peaks measured and taking the width at half-height
of the Gaussians as the width of the diffraction pea®. l(ipid
alone; ) PE/PC/SIVWt,R = 1072 (v) PE/PC/SIVmutVR =5
x 1073, and @) PE/PC/SIVmutV,R = 3 x 1072,

MeDOPE system. Since the SIVwt is a promoter of type Il 500 1000 1500 500 1000 1500 500 1000 1500
structures, it will destabilize mainly the,Lphase. The channel (#)
SIVmutV, on .the Other. hand’ which is a promotor of type | Ficure 9: X-ray diffraction patterns obtained for the DPoPE lipid
structures, will deSIab'“Z? both .thallland H phases and” system alone and in the presence of the two peptides studied:
therefore cause more disordering in the phase transitionppoPE (A) at 18°C, (B) at 42°C, and (C) at 50°C; DPoPE/
region. SIVmutV, R= 102 (D) at 18°C, (E) at 42°C, and (F) at 50C;

The fact that the effects of both peptides on this system and DPOPE/SIVWIR = 1072 (G) at 18°C, (H) at 42°C, and (I)
are weaker compared to their effects on the MeDOPE systemat s0°C.
may be explained if the binary system is demixing. This . . . . . ;

peak width

21 + 1
10 20 30 40 S50 60 70 80 90

temperature (°C)

intensity (arbitrary units)

would also allow the peptide to be accommodated in defect 70 | ﬁ ]
regions between lipid domains as well as being excluded L

from regions of pure DOPC which may be too hydrated or 68 L % I |
regions of DOPE which would contain a hydrogen-bonded I

network among headgroups.

DPoPE. In the temperature range investigated in this work
(15—-80°C), the DPOPE system presents one phase transition
from the L, to a type Il hexagonal phase &4 = 43.2°C
(Epand, 1990). To our knowledge, no diffraction data on
this system have been reported thus far. Figure @Ahows i .
characteristic diffraction curves obtained for thg &nd 48 | ¥ 8
hexagonal phases, as well as the curve obtained at ahput w | i
where phase coexistence is observed. Both the relatively . ; | , ; !
low Ty and the hexagonal phase d-spacing of this system o 20 30 40 50 80 V0 80
(Figure 10) indicate that this system has a higher intrinsic
curvature energy than the other two systems studied in this
work. Another remarkable difference between this lipid Ficure 10: d-Spacing calculated from the X-ray diffractograms
system and the two former ones lies in the fact that the lipids obtained from DPoPE alone and in the presence of the two forms

: ; .. 1 of SIV fusion peptide studied, respectively®@)( DPoPE; §)
being PE have stronger hydrogen bonding among the lipid POPE/SIVMULV.R = 10°% (v) DPOPE/SIVWLR = 102 and

polar headgrou_ps., and thg system is less hydrated (Rand efm) ppoPE/SIVWLR =5 x 102, Thed-spacings were calculated
al., 1988). This is also indicated by the lamellar repeat using the Bragg law: @sin 6 = ni.

distance (Figure 10).

Addition of either peptide to this system, up to molar ratios angle reflections are very poorly resolved, but we speculate
R = 1072, did not affect the system in any way, neither by that they belong to a cubic lattice, comparable to that
changing the lattice cell parameters of the lamellar or observed for MeDOPE. The lowest angle reflection observed
hexagonal phases (Figure 10) nor by introducing disorder corresponds to al-spacing of~120 A. At the phase
into the system. Only at relatively higher peptide to lipid transition temperature, the system is more ordered, and above
molar ratios, for which the other two lipid systems studied Ty the systems transits to the hexagonal phase. The
were significantly affected, does the presence of the peptideobservation of an “ordered” phase transition is consistent
lead to structural changes. Figure 11 shows the diffracto- with the fact that a cubic phase is present at lower
grams obtained for this system in the presence of SIVwt at temperatures. It is interesting to note that the DPoOPE system
R=5 x 1072 Below Ty, the typical L diffraction pattern has not been as thoroughly studied as the MeDOPE, and, to
has been replaced by a set of very low angle reflections our knowledge, the observation of cubic phase formation for
superimposed to a continuous scattering curve. The lowthis lipid has not been reported thus far. Nevertheless, it

66 |- % Hiy A

64 | 4

50

d—spacing (A)
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Ficure 12: Model for the mechanism through which the membrane
curvature modulatory action of fusogenic peptides and nonfusogenic
peptides or fusion inhibiting compounds affect fusion. (A) Virus
approaching an almost flat cell membrane surface. (B) Virus in
contact with cell membrane. (C) Initial approach of virus causing
positive curvature in the target membrane. This arrangement will
be stabilized by Sl¥u and will be destabilized by Sy to
continue along the path to final fusion, i.e., to D, E, and F. (D) An
active fusion peptide induces negative curvature strain curving the
cell surface towards the virion. (E) This negative curvature results
in an increased area of contact between the virus and target
membrane, and (F) fusion takes place.

intensity (arbitrary units)

interacting monolayer. In Figure 12 we offer a model to
500 1000 1500 explain how membrane curvature modulation affects viral
fusion. According to our model, peptides and other com-
channel (#) pounds which induce positive curvature strain will be good
Ficure 11: X-ray diffraction profiles obtained from the system inhibitors of viral fusion, because they will locally curve the
DPoPE/SIVWLR = 5 x 102 at different temperatures: (A) 30  cell membrane in the direction opposite to that where the
C: (B) 45°C; and (C) 70°C. virion is approaching, preventing multiple contacts between
has been suggested that cubic phases can be induced in arijiral proteins and the target membranes and the creation of
lipid system presenting an.t=H, phase transition, by a contact area which is large enough for fusion to occur
submitting the specimen to specific thermal treatments (Figure 12C). This is in accord with the observation that a

(Shyamsunder et al., 1988). variety of amphiphiles, peptides, and proteins that rdjse
are also inhibitors of viral fusion (Epand, 1992). Fusion
CONCLUSION peptides which induce a negative curvature strain cause the

The effect of the SIVwt and SIVmutV peptides on the membrane to curve toward the virion, allowing for a greater
polymorphic behavior of different lipid systems has been contact area between the two membranes (Figure-E)D

studied. Our results show that both peptides have a bilayer Another important result from this work is the dependence
destabilizing effect. However, while the wild-type peptide Of the effects observed on the lipid system studied. Three
destabilizes the bilayer by inducing a negative curvature in lipid systems have been investigated. Although the overall
the affected monolayer, the SIVmutV, destabilizes the bilayer conclusions for the three lipid systems converge, the peptide
by inducing a positive curvature. The bilayer destabilizing €ffect on each system was characteristic of the lipid, probably
effect of the wild-type peptide has been explained in terms @ @ consequence of differences in the water/membrane
of its mode of insertion into the membrane, which is oblique interface and bending energy. Effects of the peptides are
to the normal of the bilayer (Martin et al., 1994). It has Weaker for the pure PE system studied (DPoPE), where a
been suggested that a possible mechanism by which peptidefrge number of hydrogen bonds accounts for a more stable
inserted into membranes at an oblique angle may perturbinterface. The effects are stronger for the binary lipid system
bilayer structures is by expanding the center of the bilayer (POPE/DOPC 3:1) and even more so for the MeDOPE
more than the bilayer surface, thus increasing negative MLVS. For MeDOPE, the peptide has easier access to the
curvature strain and destabilizing the bilayer relative to the membrane/water interface, since the hydrogen bonding is
formation of inverted phases. This is in agreement with our Weaker due to the presence of the £group on the
observations. The mutant-V peptide, which has been shownheadgroup nitrogen.

to penetrate the membrane with an orientation normal to the It is known that lipids are actively involved in the fusion
bilayer (Martin et al., 1994) also destabilizes the bilayer process. Itis usually proposed that transient lipid rearrange-
structure, causing it to become less ordered. However, ments are required for membrane fusion (Siegel, 1993). This
contrary to the SIVwt, this peptide induces a positive process may be facilitated by increased negative curvature
curvature strain in the affected monolayer, thus causing astrain (Chernomordik et al., 1995). We suggest that negative
destabilization of the bilayer which does not lead to the curvature strain induced by viral fusion peptides may
formation of inverted phases. We suggest that a possibleaccelerate fusion even before the formation of a fusion pore.
reason why peptides inserted into membranes along theThis may occur first as a consequence of fusion peptide
bilayer normal disturb the bilayer structure is due to a insertion into structures such as those shown in Figure 12C.
mismatch between the length of the peptide and that of the A positive curvature is formed in the target membrane upon
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