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Abstract Apolipoprotein A-1 (apoA-I), the major protein component of serum high-density lipoproteins (HDL), 
was found to inhibit herpes simplex virus (HSV)-induced cell fusion at physiological ( - 1 pM) concentrations, whereas 
HDL did not exert any inhibitory effect. Lipid-associating, synthetic amphipathic peptides corresponding to residues 
1-33 (apoA-1[1-33]) or residues 66-1 20 (apoA-1[66-120]) of apoA-I, also inhibited HSV-induced cell fusion, whereas a 
peptide corresponding to residues 8-33 of apoA-l (apoA-1[8-331), which fails to associate with lipids, did not exert any 
inhibitory effect. These results suggest that lipid binding may be a prerequisite for peptide-mediated fusion inhibition. 
Consistent with this idea, a series of lipid-binding 22-amino-acid-residue-long synthetic amphipathic peptides that 
correspond to the amphipathic helical domains of apoA-1 (A-I consensus series), or 18-residue-long model amphipathic 
peptides (1 8A series), were found to exert variable levels of fusion-inhibitory activity. The extent of fusion-inhibitory 
activity did not correlate with hydrophobic moment, hydrophobicity of the nonpolar face, helix-forming ability, or lipid 
affinity of the different peptides. Peptides in which the nonpolar face was not interrupted by a charged residue displayed 
greater fusion-inhibitory activity. Also, the presence of positively charged residues at the polar-nonpolar interface was 
found to correlate with higher fusion-inhibitory activity. 
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Entry of enveloped virus into susceptible cells 
involves fusion between viral and cell mem- 
branes. Also, many viruses, including herpes 
simplex virus (HSV), induce cell fusion as a 
major cytopathic effect. Variants of HSV known 
as syncytial (Syn) mutants display a cytopathol- 
ogy characterized by extensive cell fusion 111. 
The process of virus-induced cell fusion is 
thought to be analogous to the processes in- 
volved in the fusion of viral membranes with the 
cell membranes. In model membrane systems, 
certain agents that destabilize membrane bilay- 
ers have been shown to cause membrane fusion 
[21, whereas agents that stabilize the membrane 
bilayer have been shown to inhibit membrane 
fusion [3,41. Our laboratory has been investigat- 
ing structure-function relationships among the 
lipid-associating amphipathic helices found in 
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apolipoproteins [5-131. A number of amphi- 
pathic peptide analogs of apolipoprotein A-I 
(apoA-I) have been synthesized and character- 
ized. Many of these peptides significantly per- 
turb the physical and chemical properties of 
these bilayers. In a previous study we observed 
that apoA-I and its synthetic amphipathic pep- 
tide analogs inhibit HSV penetration, cell to cell 
spread, and virus-induced cell fusion [14]. In an 
attempt to determine the structural features of 
the amphipathic peptide motif that influence its 
fusion-inhibitory activity, we have investigated 
the fusion-inhibitory activity of a series of pep- 
tide analogs. 

MATERIALS AND METHODS 
Cells and Viruses 

Vero cells (clone 76; American Type Culture 
Collection, Baltimore, MD) were grown and 
maintained in Dulbecco’s modified minimal es- 
sential medium (DMEM) supplemented with 8% 
fetal calf serum. HSV-1 (MP), a syncytium- 
inducing variant of HSV, was obtained from Dr. 
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S. Chatterjee. The viruses were propagated on 
Vero 76 cells. 

Cell Fusion and Fusion-Inhibition Assay 

Vero cells were grown as monolayers in sterile 
96-well tissue culture plates. Confluent monolay- 
ers were infected with HSV-1 (MP) at a multiplic- 
ity of 10 pfdcell. The virus was allowed to 
adsorb for 2 h at 37°C. The inoculum was re- 
moved and replaced with DMEM containing se- 
rial twofold dilutions of the peptides high- 
density lipoprotein (HDL) or apoA-I. The cells 
were incubated for 18 h at 37°C. The monolay- 
ers were stained with Wright-Giemsa stain and 
examined microscopically for areas of cell fu- 
sion. Under these experimental conditions, 
nearly the entire Vero cell monolayer was found 
to fuse into a large syncytium in virus-infected 
cultures. Uninfected Vero cell cultures con- 
tained predominantly mononuclear cells, and a 
few cells with two or three nuclei were occasion- 
ally seen. Accordingly, multinucleate cells con- 
taining five or more nuclei were regarded as 
areas representing cell fusion. The peptides in- 
hibited virus-induced cell fusion in a dose- 
dependent manner. The lowest concentration of 
the agent that completely inhibited virus-in- 
duced cell fusion was determined and expressed 
as its minimum inhibitory concentration (IDloo). 
In certain experiments, the percentage of the 
monolayer involved in cell fusion was deter- 
mined by morphometry. The entire monolayer 
was photographed under low magnification, and 
the area of monolayer involved in cell fusion was 
calculated from the photomicrographs using a 
Bio-Quant digitizer. 

HDL and apoA-l 

HDL was prepared from plasma samples from 
normal human volunteers using previously de- 
scribed techniques [B]. Apolipoproteins were iso- 
lated from HDL particles and purified by high- 
performance liquid chromatography (HPLC) 181. 
The HDL and apoA-I preparations were dia- 
lyzed extensively against DMEM prior to use in 
fusion inhibition assays. 

Synthesis, Purification, and Characterization of 
Peptides 

All the peptides were synthesized by a solid- 
phase procedure using an automated peptide 
synthesizer (Advanced Chemtech Inc., Louis- 
ville, KY) [51. Benzyl-based protecting groups 

were used for side-chain protection during pep- 
tide synthesis. The peptides were cleaved from 
the resin by hydrogen fluoride (HF). The crude 
peptides were first analyzed by HPLC under 
various solvent systems to identify optimum 
separation conditions. These conditions were 
translated to preparative systems, and the pep- 
tides were purified by preparative HPLC. 

The composition of the purified peptides was 
verified by amino acid analysis. Most (A-I consen- 
sus and 18A series) of the peptides used in this 
study have been characterized before [5-13]. 
The characterization of peptides corresponding 
to native apoA-I sequences will be published 
elsewhere. The peptides were dissolved in dis- 
tilled water by elevating the pH and neutralized 
after solubilization, and the required amounts 
were mixed with an equal volume of 2 x DMEM 
prior to fusion-inhibition assays. 

Helical Wheel Plots, Hydrophobic Moment, and 
Mean Hydrophobicity per Residue of the 

Amp hi path ic Peptides 

The helical wheels [151 were plotted using a 
program developed for VAXstation 2000 that 
orients the helix with its nonpolar face directed 
toward the top of the wheel. Helical hydrophobic 
moments were calculated according to Eisen- 
berg et al. [16,17]. The values for the hydropho- 
bic moment are expressed as mean hydrophobic 
moment per residue. The values for the hydro- 
phobicity of the amphipathic peptides are ex- 
pressed as the mean hydrophobicity per residue 
on the nonpolar face and were calculated by 
averaging the hydrophobicity of the residues 
that map to nonpolar face of the amphipathic 
helix. 

Lipid Affinity of Amphipathic Peptides 

We have previously shown that apoA-I and its 
synthetic peptide analogs bind to dimyris- 
toylphosphatidyl choline (DMPC) to form discoi- 
dal complexes, and the lipid affinities of the 
amphipathic peptides correlate inversely with 
the mean diameter of peptide DMPC complexes 
[5 ] .  The mean diameters of the discoidal com- 
plexes were fairly uniform at lower DMPC: 
peptide weight ratios (1:l to 2.5:1), whereas a 
considerable heterogeneity was observed in the 
discoidal diameters at higher DMPC/peptide 
weight ratios. Accordingly, we prepared DMPC- 
peptide complexes at a weight ratio of 2:l by 
previously described procedures [5] .  Briefly, 
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DMPC (Avanti Polar Lipids, Birmingham, AL) 
was evaporated under nitrogen gas and resus- 
pended in phosphate-buffered saline (PBS; pH 
7.4) at a concentration of 100 pLgiml. The pep- 
tides were suspended in PBS at a concentration 
of 50 pdrnl. Equal volumes of peptide and DMPC 
were mixed together and incubated for 1 h at 
room temperature. The peptide-DMPC com- 
plexes were placed on formvar-coated copper 
grids and stained with phosphotungstic acid (pH 
7.0). The grids were examined under a Philips 
EM 301 electron microscope. The diameters of 
the discoidal peptide-DMPC complexes were de- 
termined by morphometry of the electron micro- 
graphs; the diameters of at least 100 individual 
discs were determined using a graduated magni- 
fying lens, and the data were used to calculate 
the mean discoidal diameter. 

Circular Dichroism 

The a-helix content of the amphipathic pep- 
tides in buffer and in the presence of lipids was 
determined by circular dichroism (CD). The CD 
spectra were obtained using a Jasco J-500A spec- 
tropolarimeter connected to a DPN500 data pro- 
cessor unit. The instrument was calibrated with 
Or- 10-camphorsulphonic acid. The peptides were 
dissolved in 10 mM phosphate buffer (pH 7.4) 
containing 150 mM NaCl to a concentration of 
50 pg/ml, and the CD spectra were obtained 
using a 10 mm sample cell. To obtain CD spectra 
of the peptides in the presence of lipids, peptide- 
DMPC complexes were prepared at a weight 
ratio of 1:l  according to the procedures de- 
scribed above. The complexes contained a final 
peptide concentration of 50 pg/ml. About eight 
to 16 scans were averaged and corrected for the 
baseline. The corrected data sets were used to 
estimate the a-helical contents according to the 
calculations described earlier [MI .  The a-helical 
contents for some of the peptides used in this 
study have been reported before (18A and 18R 
[51, [Glu'.' Leu",17 118A and [Glu"' Leu 11,17118R 
1111, [Met3118A [Sl). 

RESULTS 
Inhibition of HSV-Induced Cell Fusion by HDL, 

ApoA-I, and Synthetic Peptide Fragments of 

HSV-infected Vero monolayers displayed ex- 
tensive cell fusion, which involved the entire 
monolayer by 18 h postinfection (Fig. 1, panel 
2). ApoA-I did not induce cell fusion or exert any 

APOA-l 

Fig. 1. Inhibition of HSV-induced cell fusion by apoA-I and 
HDL. Uninfected (panels 1, 3, 5) or HSV-infected (panels 2,4, 
6)  Vero cells were incubated in the presence of DMEM (panels 
1, 2), DMEM containing 1 FM apoA-I (panels 3, 4), or DMEM 
containing 1 rng/ml HDL (panels 5, 6). After 12 h, the monolay- 
ers were stained with Wright-Giemsa stain and examined rnicro- 
scopically for areas of cell fusion. The results show that apoA-l 
inhibits HSV-induced cell fusion (panel 4), whereas HDL does 
not (panel 6). 

toxic effects on uninfected Vero cells (Fig. 1, 
panel 3). HSV-induced cell fusion was com- 
pletely inhibited in cells treated with 1 pM apoA-I 
(Fig. 1, panel 4). In contrast to apoA-I, no inhib- 
itory effect was observed with HDL at concentra- 
tions as high as 1 mg protein/ml (Fig. 1, panel 6). 
These results suggest that the inhibitory effects 
of apoA-I may be mediated by its lipid-associat- 
ing domains and the lack of fusion inhibition by 
HDL particles may be due to the fact that these 
domains are already lipid-bound in HDL parti- 
cles. 

The amino terminus (residues 1-33) of apoA-I 
is highly conserved among different apolipopro- 
tein species and was initially thought to be the 
functional domain of apoA-I [6]. The amino acid 
sequence of residues 1-33 reveals proline resi- 
dues at position 3, 4, and 7 (see Fig. 3A). The 



Antiviral Effects of apoA-l and Its Peptide Analogs 227 

presence of a proline residue at positions other 
than N1 may exert a strong helix-breaking effect 
1191. We therefore synthesized two peptides, one 
corresponding to residues 1-33 and the other 
corresponding to residues 8-33. The C-termi- 
nus (residues 44-198) of apoA-I has a propen- 
sity to form multiple amphipathic helical 22mer 
segments (see Fig. 3A). This structural feature 
of apoA-I is thought to be responsible for its 
lipid associating properties E131. Based on stud- 
ies with synthetic peptides, residues 66-120 have 
been implicated as the major LCAT (lecithin: 
cholesterol acetyltransferasel-activating domain 
of apoA-I 191. Therefore, we also tested a peptide 
corresponding to residues 66-120 of apoA-I. 
Physicochemical characterization of these pep- 
tides will be published elsewhere. 

The lipid-binding properties of the synthetic 
peptide fragments of apoA-I are shown in Figure 
2 and Table I. We have previously shown that 
lipid affinity of the amphipathic peptides corre- 
lates inversely with the mean diameter of pep- 
tide DMPC complexes [61. A-I 166-1201 formed 
small complexes with DMPC, whereas, A-I [l-331 
formed very large DMPC discoidal complexes 
with a mean diameter of 218 A. Among the 
series of peptides that we have tested, A-I 11-33] 
has the lowest lipid affinity (see Tables I and 
111). A-I [8-331 did not bind to  lipids and failed 
to form discoidal complexes with DMPC. The 
reasons for the lack of lipid binding by A-I [8-331 
are presently not clear. Analysis of the peptide 
sequence arranged in a helical wheel representa- 
tion indicated that the peptide can assume an 
amphipathic helical configuration. Further- 
more, calculated values for the mean hydropho- 
bic moment per residue (0.506) and the mean 
hydrophobicity per residue on the nonpolar face 
(0.473) are consistent with values expected for a 
lipid-binding amphipathic a-helix (Table I). How- 
ever, algorithms to predict protein secondary 
structure (e.g., Chou-Fasman or Robeson-Garn- 
ier) failed to identify helix-forming domains in 
region 8-33 of apoA-I. The CD spectra of A-I 
[8-331 peptide did not reveal any a-helical con- 
tent either in buffer or in the presence of lipids 
(data not shown). A more detailed characteriza- 
tion of these peptides is currently in progress. 

The fusion-inhibitory properties of the apoA-I 
peptides are summarized in Table I. The lipid- 
binding peptides A-I [l-331 and A-I [66-1201 
inhibited HSV-induced cell fusion at concentra- 
tions of 500 and 2 p.M, respectively. In contrast, 
A-I C8-331, which failed to bind lipids, did not 

Fig. 2. Electron microscopy of peptide-DMPC (1 :2 d w t )  
complexes from A-111-331, A-118-331, and A-1[66-1201 
X 135,000. 

inhibit virus-induced cell fusion (Table I). These 
results suggest that lipid binding may be a pre- 
requisite for fusion-inhibitory activity of apoA-I 
and its peptide analogs. The 243-residue-long 
apoA-I and A-I [66-1201 are fairly long se- 
quences and contain internal proline residues 
that may break the helix into shorter a-helical 
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TABLE I. Inhibition of HSV-Induced Cell Fusion by Synthetic Peptide 
Fragments of ApoA-I 

Fusion Hydrophobic Mean Mean diameters of 
inhibition moment per hydrophobicity peptide-DMPC 

Peptide (IDlOO) residue per residue complexesa (A) 
A-I[ 1-33] 500 
A-I[8-33] > 500 
A-I[661201 2 

0.412 
0.506 
0.382 

"Values calculated from data shown in Figure 2. 

segments. In an attempt to obtain more effective 
inhibitors of virus-induced cell fusion and to 
identify features of the amphipathic helix that 
influence fusion-inhibitory activity, we tested a 
series of peptide analogs that had been synthe- 
sized before as a part of our ongoing studies to 
understand molecular properties of apoA-I. 

Design and Synthesis of Peptide Analogs 

The C-terminal domain of apoA-I, derived 
from the fourth exon, is composed of eight 22- 
amino-acid-long repeats punctuated either by 
proline residues or by l lmer  repeats (Fig. 3A) 
[20,21]. Each of these 22mers is capable of form- 
ing an amphipathic a-helix. These repeat se- 
quences are thought to have evolved by duplica- 
tion of a primordial nucleotide sequence. The 
amino acid sequence deduced from a consensus 
nucleotide sequence did not form an amphip- 
athic helix when represented as a helical wheel 

0.517 
0.473 
0.146 

218 

117 
- 

[9]. We therefore attempted to derive a consen- 
sus amino acid sequence from these eight struc- 
turally similar 22-amino-acid regions of apoA-I 
by choosing the most prevalent type of (hydro- 
phobic, positively or negatively charged) residue 
at each position. As can be seen in Figure 3A, 
considerable polymorphism was observed at po- 
sitions ll, 12,13,16,19, and 22. Compared with 
the other residues in this sequence, polymor- 
phism at residue 13 is rather unusual; when the 
consensus sequence is organized as a helical 
wheel, this residue is located on the nonpolar 
face (Fig. 3C). However, six of the eight tandem 
repeats have a charged residue at this position, 
and a seventh repeat has a polar residue at this 
position. We therefore synthesized a series of 
four peptides, designated as the A-I consensus 
series, in which residue 13 was chosen to repre- 
sent a negative charged glutamic acid ([G~u'~IA- 
I,,,), a positively charged arginine ([Arg131A-I,,), 

TABLE 11. Amino Acid Composition of Amphipathic Peptides 

[GIU'.~ [ ~ 1 ~ 4 . 9  
1 

acid A-Icon A-Icon A-Ico,, 18A 18hA 18A 18A 18R 18R 

Ala 1 (1.3)" 2 (2.5) 1 (1.1) 3 (3.0) 3 (3.7) 3 (2.6) 1 (1.0) 3 (3.0) 1 (1.0) 

GlufGln 6 (7.2) 5 (5.8) 5 (5.4) 2 (2.1) 2 (2.5) 2 (2.2) 4 (4.2) 2 (1.9) 4 (3.6) 
Phe 1 (1.1) 1 (0.7) 1 (0.9) 2 (2.2) 2 (2.0) 2 (2.0) 2 (2.0) 2 (2.1) 2 (2.0) 
LYS 4 (3.9) 4 (3.4) 4 (3.4) 4 (3.7) 4 (3.7) 4 (4.1) 4 (3.7) 4 (3.9) 4 (3.6) 
Leu 5 (5.8) 5 (5.4) 5 (4.9) 2 (2.2) - l(1.1) 4 (3.8) 2 (2.0) 4 (3.6) 
Met - - - l(0.8) - - - 

Pro l(1.3) l(1.3) l ( O . 9 )  - - - - - - 

k g  
Val l(1.2) l(0.8) l(O.9) l ( l .0)  l(1.0) l(1.1) l(1.0) l(1.0) l(1.0) 

- - l b  - l b  l b  l b  l b  Trp 
- - - l(O.9) - l ( l . 0 )  l(1.0) l(0.8) l(1.0) Tyr 

P-Naphthyl-alanine - - - 4 (4.0) - - - 

Leu1L17 Amino [GluT31 [Ala'31 [A~-g'~l [Met3] Leu",'7 1 

AsplAsn 2 (2.3) 2 (1.7) 2 (2.3) 2 (1.8) 2 (2.2) 2 (1.9) - 2 (1.7) - 

- - 

l(1.2) l (1 .2)  2 (2.1) - - - - - - 

- 

- - 

Total 22 22 22 18 18 18 18 18 18 

"The figures show the expected numbers of each amino acid residue. The observed numbers of residues per mole peptide are 
shown in parenthesis. 
bTryptophan residues are destroyed during acid hydrolysis. 
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1 DEPPQSPWDRVKDLATVYVDVLKDSGRDWSQFEGSALGKQLN 

44 

66 

88 

99 

121 

143 

165 

187 

209 

220 

B 
[Glu 13]A-Icon  

[ A l a  13] A- I c o n  

[ A r g I 3  ] A - I c o n  

P V L D E F R E K L N  

P V L D E F R E K L N  

P V L D E F R E K L N  

E Q L G  

E N G G  

E E L E A L K Q K L K  

E A L E A L K Q K L K  

E R L E A L K Q K L K  

Fig. 3. Design of A-I consensus peptides. A shows the amino acid sequence of apolipoprotein A-I. The C-terminal 
198 residues (residues 44-122) derived from exon 4 have been arranged to show the tandem amphipathic helical 
22rner repeats. The most prevalent types of residue (hydrophobic, positively charged, or negatively charged) at each 
position are shown by the shaded box. B shows the sequences of the A-I consensus peptides: [CIU'~~A-I,~, 
[Ala'3]A-I,, and [Arg'31A-l,. These peptides share an identical sequence except for the residue at position 13. C 
shows a helical wheel representation of the consensus peptide, in which residue 13 is denoted by an X. 
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or a nonpolar alanine ([Ala'3]A-Ico,) residue. The 
amino acid sequences of these peptides are shown 
in Figure 3B. 

We also synthesized a model amphipathic pep- 
tide, which retains the charge distribution pro- 
file of the apoA-I consensus amphipathic helices 

but does not possess any charged residues at the 
nonpolar face. In view of the fact that 3.6 amino 
acid residues are involved in one complete turn 
in the a-helix, an 18-residue-long peptide was 
synthesized to form five complete turns and was 
designated as 18A (Fig. 4). The positively charged 
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+ + 

18A DWLKAFYDKVAEKLKEAF 
18hA DWhKAFhDKhAEKhKEAF 

[Met3] 18A DWMKAFYDKVAEKLKEAF 
[ Glu1’8Leu11r1q 18A EWLKAFYEKVLEKLKELF 

18R KWLDAFYKDVAKELEKAF 
[ Glu4’  18R KWLEAFYKEVLKELEKLF 

Fig. 4. Design of 18A series arnphipathic peptides. The amino acid sequences of different 18A series arnphipathic 
peptides and their helical wheel representations are shown. The residues that differ from the prototype peptide 18A 
are highlighted in bold letters. The letter code h has been used to denote P-napthylalanine residues in peptide 18hA. 

clusters at the polar-nonpolar interface in apoA-I 
amphipathic helical domains were thought to 
provide additional favorable free energy of lipid 
association via the contribution of the signifi- 
cantly hydrophobic portion of the lysine side 
chain to the overall hydrophobicity of the am- 
phipathic helix [221. A peptide designated 18R 

was therefore synthesized by reversing the posi- 
tion of the charged residues such that resulting 
helix would now contain negative charges at the 
polar-nonpolar interface of the helix [51 (Fig. 4). 
The peptide analogs 18hA (in which leucine 
residues in 18A were replaced by P-napthylala- 
nine) and [Met3118A (in which the third residue 
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from the N-terminus of 18A is replaced with a 
methionine residue) were synthesized to in- 
crease the hydrophobicity of the nonpolar face 
of the 18A helix. We also synthesized additional 
peptide analogs expected to show a greater helix- 
forming propensity, based on helix-probability 
calculations [23] , and these included: [G1ul,*, 
Leu11J7 ll8A and [Glu”’, 

All the peptides were synthesized by solid- 
phase synthesis method, cleaved from the resin, 
and purified by HPLC. The analytical HPLC 
profiles of the purified peptides are shown in 
Figure 5. The compositions of the peptides were 
determined by amino acid analysis of acid hy- 
drolysates prepared from these peptides, and 

18R [11,24]. 

:Alal3 ] 
4-Icon 

05 

06 
r 

] 
4-Icon 

the results are shown in Table 11. Based on these 
analyses, all the peptides were found to be > 90% 
pure. 

Amphipathicity of Synthetic Peptides 

The calculated values for mean hydrophobic 
moment per residue and the mean hydrophobic- 
ity per residue on the nonpolar face of the helix 
for the peptides are summarized in Table 111. All 
the peptides exhibited high hydrophobic mo- 
ments, with values ranging from 0.454 to 0.577. 
In general, the apoA-I consensus peptides dis- 
played a slightly lower hydrophobic moment 
than the model 18A series peptides. The pep- 
tides varied considerably in the hydrophobicity 

18A 
I 

18hA 

-- 

]GIu’~ ] 
4-Icon 

m 

c, 6 
r 

Fig. 5. Analytical HPLC profiles of amphipathic peptides; 50-100 pg of peptides was injected on HPLC columns, 
and the eluates were monitored by absorbance at 220 nrn. [Ala’3]A-I,,, [Arg’3]A-l,, and [GIu”]A-I, were injected on 
a C-18 Vydac (25 x 0.45 cm) column and eluted with a gradient of acetonitrile containing 0.1% trifluoracetic acid 
(TFA) (30-60%) in 30 min at a flow rate of 1.2 ml/rnin. [Met3]18A was injected on a C-18 Vydac (25 x 0.45 cm) 
column and eluted with a gradient of acetonitrile containing 0.1 % TFA (25-58%) in 30 rnin at a flow rate of 1.2 
ml/min. 18A, 18R, 1 8hA, [CIU’,~ Leu”~”11 SA, and [ G I u ~ , ~  Leu”~”ll8R were injected on a C-4 Vydac (25 x 0.45 crn) 
column and eluted with a gradient of acetonitrile containing 0.1 % TFA (5-50%) in 30 min at a flow rate of 1.2 ml/min. 
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TABLE 111. Inhibition of HSV-Induced Cell Fusion by Synthetic Amphipathic 
Peptide Analogs of ApoA-I 

a-Helixb Fusion Hydrophobic Mean Mean diameters" 
inhibition moment per hydrophobicity of peptide-DMPC 

Peptide (IDIOO) residue per residue complexes (A) Buffer Lipids 

[Glu13]A-I,n > 500 0.485 0.355 202A [91 0.32 0.35 
[~g131A-I,n 500 0.454 0.262 93A [91 0.24 0.35 
[Ala'31A-I,, 250 0.563 0.577 8SA [91 0.22 0.41 
18A 4 0.568 0.742 9OA (Fig. 6) 0.15 0.30 [ l l ]  
18hA 4 ?' ?' 95A (Fig. 6) nd nd 
[Met3]18A 4 0.575 0.758 1 6 d  (Fig. 6) 0.13 0.25 [8] 
[Glu'.' Le~".'~]18A 12 0.560 0.773 115A (Fig. 6) 0.22 0.55 1111 
18R 100 0.572 0.742 18211 (Fig. 6) 0.00 0.01 [ l l ]  
[ G ~ u ~ . ~  ] 18R 50 0.577 0.773 147A (Fig. 6) 0.43 0.42 [113 

"The mean discoidal diameters of the peptide-DMPC complexes were determined by morphometry of the electron micrographs. 
The values were obtained from a previous study, where indicated. 
bThe a-helical contents of the peptides were determined by circular dichroism. The M u e s  were obtained from a previous study, 
where indicated. nd, not determined. 
%xact values are not available because a specific value has not been assigned to P-napthyl alanine in the consensus GES scale. 

of their nonpolar face. The A-I consensus pep- 
tides displayed lower mean hydrophobicity per 
residue on the nonpolar face, and particularly 
[G~u'~]A-I,, and [Arg'31A-Ic,,n which contain a 
charged residue in the nonpolar face, displayed 
very low hydrophobicity. 

lipid Affinity 

The lipid affinities of the amphipathic pep- 
tides were investigated by electron microscopy 
of peptide-DMPC complexes. The results are 
summarized in Figure 6 and Table 111. The 
peptides bound to DMPC with varying affinity} 
as evidenced by the differences in the mean 
diameters of the peptide-DMPC complexes [5]. 
Based on these data, the rank order of lipid 
affinity of these peptides can be summarized 
as [Ala'31A-Ico, > 18A > [Arg'31A-Icon > 18A > 
[Glu'.' Le~''~'~118A > [ G ~ u ~ , ~  Le~'l~'~118R > 
[Met3118A > 18R > [G~U'~]A-I,,,. 

Circular Dichroism 

The a-helical contents of the amphipathic pep- 
tides in buffer or in the presence of lipids were 
determined by CD and the results are summa- 
rized in Table 111. All the peptides studied were 
found to adapt an a-helical conformation, al- 
though their a-helical content varied consider- 
ably. Consistent with the idea that a-helical 
conformations of the peptides are stabilized by 
lipid binding, [Ala"lA-Icon displayed a large in- 
crease in the a-helical content in presence of 
lipids, whereas no such increase in helicity was 

Fig. 6. Electron microscopy of peptide-DMPC (1:2 d w t )  
complexes from 18A series peptides: 1; 18A, 2; 18hA, 3; 
[Met3]18A, 4; [Glul,a Leu",'7]18A, 5; 18R, 6; IGI"4.9 Leull,17]18R, 
X 135,000. 
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observed with the peptides [G~u~~IA-I,,, or 
[Argl3]A-IC0,. The helicity of unbound peptides 
probably indicates aggregation, and the aggre- 
gated peptides were still capable of lipid binding 
as evidenced by their ability to bind DMPC 
(Table 111), as has been demonstrated for several 
apolipoproteins, including apoA-I. The model 
amphipathic peptide 18A and its analogs dis- 
played varying degrees of helicity. The helicity 
of [Met3]18A in buffer and in the presence of 
lipids was comparable to that of 18A. The pep- 
tide [Glu'.' L ~ U ~ ' . ' ~  118A, designed to obtain a 
peptide with high helix probability, displayed a 
high a-helical content in the presence of lipids. 
In contrast to 18A peptides, the 18R peptide 
displayed a very low a-helical content. 18R has a 
Lys' residue at position 1, whereas 18A has an 
Asp- residue at this position. It is possible that 
the Asp'- residue in 18A is stabilized by interac- 
tion with the partial positive charge created 
near the N-terminus by the helix dipole, whereas 
the presence of a Lys+ residue at this position in 
18R may result in helix destabilization. How- 
ever, [ G ~ u ~ * ~  L ~ U ' ~ ? ~ ~ ]  18R also has a Lys' residue 
at position 1 but displays a high helical content, 
both in buffer and in presence of lipids. Thus, 
the low helical content of 18R cannot be attrib- 
uted entirely to the helix dipole effects. The 
helical contest of [Glu4s9 118R did not 
increase significantly upon lipid binding, suggest- 
ing that this peptide may undergo aggregation. 

The CD studies presented here are by no 
means complete. In view of the fact that we have 
not purified the DMPC-peptide complexes, the 
CD spectra analyzed in this study represent an 
average of bound and unbound peptides. Never- 
theless, an increase in the a-helical content of 
the peptides upon association with lipid has 
been interpreted by several investigators to be 
indicative of modifications in peptide secondary 
structure by lipid binding. For several peptides, 
this interpretation has been supported by shifts 
in the intrinisic tryptophan fluorescence [Ill. A 
detailed investigation of the secondary struc- 
ture analyses of the different peptides is cur- 
rently in progress. 

inhibition of HSV-Induced Cell Fusion 
by Peptide Analogs 

The inhibitory activity of amphipathic pep- 
tides on HSV-induced cell fusion in Vero cell 
monolayers was investigated, and the results 
are shown in Table 111. The results are ex- 
pressed as the minimum concentration (in pM) 

of the peptide required to show complete inhibi- 
tion (IDlo,,) of virus-induced cell fusion. All the 
peptides, with the exception of [G~U'~]A-I,,,, in- 
hibited virus-induced cell fusion. The fusion- 
inhibitory activity of the peptides varied consid- 
erably, and the inhibitory concentrations ranged 
from 4 to 500 pM for different peptides. In 
general, the 22-residue-long A-I consensus pep- 
tides were less active than the model 18A series 
peptides. One common feature of these peptides 
compared with 18A peptides is that they all 
show lower hydrophobic moment and contain a 
less hydrophobic nonpolar face. Of these, 
[Arg'31A-I,,n and [Glu'31A-Icon, which contain a 
charged residue in the nonpolar face of the helix, 
were least active as inhibitors of virus-induced 
cell fusion (Table 111). It is possible that the 
charged residues are incompatible with the hy- 
drophobic core of the lipid bilayer and affect 
lipid binding properties of these peptides. Consis- 
tent with this idea, [G~u'~]A-I,, displayed a weak 
lipid affinity. However, [Arg'3]A-Ico, displayed 
high lipid affinity despite the presence of a 
charged residue on its nonpolar face. It is possi- 
ble that the long alkyl side chain of the arginine 
residue contributes to the overall hydrophobic- 
ity of the helix and facilitates lipid association. 
The peptides [Ala'3]A-Icon, which had an uninter- 
rupted nonpolar face, displayed high lipid af- 
finity, although it was not an effective inhibitor 
of virus-induced cell fusion (IDloo = 250 FM). 
Compared with 18A series peptides, the A-I con- 
sensus peptides displayed a higher helical con- 
tent in buffer, which did not increase apprecia- 
bly in the presence of lipids. These data suggest 
that these peptides have a higher propensity for 
self-association and aggregation. The increase 
in the relative strength of peptide-peptide inter- 
action may mitigate the relative strength of 
interaction of peptides with the complex lipid 
bilayers of the viral and cell membranes, al- 
though this feature was not evident in their 
interaction with a simple lipid (DMPC) vesicles. 

The model amphipathic peptide 18A was one 
of the most active peptides (IDloo = 4 pM) in 
fusion inhibition assays; 18hA and [Met3] 18A, 
analogs of 18A with a more hydrophobic nonpo- 
lar face, were equally effective (ID,,, = 4 pM) in 
fusion inhibition assays. These results suggest 
that the hydrophobicity of the nonpolar face of 
the amphipathic helix, per se, does not influence 
the fusion-inhibitory activity of the amphipathic 
peptides. [Glu',' Le~l'*'~]18A, an analog of 18A 
designed to obtain a peptide with increased heli- 
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cal content, was slightly less active (IDloo = 12 
pM) than 18A. 18R and [Glu4z9 Leu ","118R, 
analogs of 18A, in which the positively charged 
residues at the polar-nonpolar interface were 
replaced with negatively charged residues, were 
significantly less active (IDloo = 100 p M  and 50 
kM, respectively) than 18A, suggesting that the 
presence of a positively charged residue at the 
helix interface strongly influences its fusion- 
inhibitory activity. 

Reversal of Peptide-Induced Fusion Inhibition 

To study the nature of the association of the 
amphipathic peptides with cell (or viral) mem- 
branes, we tested the effect of removal of pep- 
tides on the fusion process. Monolayers of Vero 
cell cultures grown in 96-well tissue culture 
plates were infected with HSV-1 (MP) at a mul- 
tiplicity of 10 pfu/cell. The virus was allowed to 
adsorb for 2 h at 37°C. After adsorption, the 
inoculum was replaced with 100 p1 of DMEM 
containing serial twofold dilutions of the amphi- 
pathic peptide 18A or peptide-free medium. Ex- 
tensive cell fusion was observed by 10 h postin- 
fection, which involved nearly 80% of the 
monolayer in cultures not treated with the pep- 
tide, whereas cell fusion was completely inhib- 
ited in cells treated with 5 pM 18A (Fig. 7). At 
this time point, peptide-containing media were 
removed from the culture, washed, and incu- 
bated with peptide-free medium. Areas of cell 
fusion were readily seen by 30 min to 2 h in 
these cultures (Fig. 7). A rapid reversal of pep- 
tide-induced fusion inhibition upon removal of 
peptide-containing medium indicates that the 
peptides are loosely associated with cell (or viral) 
membranes. It is possible that free and mem- 
brane-bound peptides exist in an equilibrium in 
peptide-treated cultures. Replacement of peptide- 
containing medium with peptide-free medium 
would then favor the release of membrane- 
bound peptides, leading to a reversal in peptide- 
mediated fusion inhibition. These results are 
consistent with the idea that the amphipathic 
peptides do not traverse the lipid bilayer but lie 
perpendicular to the plane of the phospholipid 
bilayer, with their hydrophobic face buried in 
the membranes. It is possible that the amphi- 
pathic peptides associate with a macromolecular 
component (other than the phospholipid bi- 
layer) of the virus or the cells. In such an event, 
this interaction would also appear to be a rapid 
and reversible association. 
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Fig. 7. Reversal of peptide-mediated fusion inhibition. Con- 
fluent monolayers of Vero cells were infected with HSV-1 and 
maintained in DMEM with (m) or without (0) 5 FM 18A. In one 
set of cultures (a), the peptide containing medium was re- 
moved at 10 h after infection, washed, and incubated further 
with peptide-free DMEM. At different time points, the monolay- 
ers were stained with Wright-Giemsa and examined microscop- 
ically for areas of cell fusion. Percent fusion was calculated from 
the photomicrographs using a Bio-Quant digitizer. 

DISCUSSION 

We previously observed that apoA-I and its 
synthetic amphipathic peptide analogs inhibit 
HSV penetration, cell to cell spread and virus- 
induced cell fusion [251. In this study, we tested 
a total of 12 synthetic amphipathic peptide ana- 
logs with different physicochemical characteris- 
tics for their ability to inhibit HSV-induced cell 
fusion in an attempt to identify features of the 
amphipathic helix motif that influence its fusion- 
inhibitory activity. 

The mean hydrophobic moment per residue of 
the peptides varied from 0.382 to 0.577. The 
mean hydrophobic moment per residue did not 
correlate with their inhibitory concentrations. 
With the exception of A-I[66-1201, peptides with 
a mean hydrophobic moment per residue lower 

and [G~u'~]A-I,,) were weak inhibitors of virus- 
induced cell fusion (IDIoo > 500 pM). A-I[66- 
1201 was an effective inhibitor of HSV-induced 
cell fusion despite the fact that it had the lowest 
hydrophobic moment. One possible explanation 
for this finding is that this peptide is 55 residues 
long and contains regions of greater hydropho- 

than 0.525 (A-1[1-331, A-I[8-33], [Arg13]A-Icon, 
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bic moment. We therefore suggest that a mean 
hydrophobic moment per residue > 0.525 may 
be a prerequisite for fusion inhibition by short 
amphipathic helical peptides. Among the pep- 
tides tested, we did not observe any correlation 
between the mean hydrophobicity per residue 
on the nonpolar face of the amphipathic helix 
and their fusion-inhibitory concentrations. The 
presence of charged residues on the nonpolar 
face of the helix was found to affect the fusion- 
inhibitory activity of the peptides. Among the 
22-residue-long A-I consensus peptides that vary 
in sequence at a single residue, peptides contain- 
ing a charged residue in the nonpolar face were 
found to be poor inhibitors of cell fusion. Thus 
an uninterrupted nonpolar face appears to facil- 
itate fusion inhibition by amphipathic helical 
peptides. 

The nature of the charged residue at the polar- 
nonpolar interface was found to exert a pro- 
found influence on the fusion-inhibitory activity 
of the amphipathic helical peptides. Peptides 
containing positively charged lysine residue at 
the polar-nonpolar interface (e.g., MA, 18hA, 
[Met3]18A, and [Glu'.* 18A) were found 
to be more effective inhibitors of cell fusion than 
peptides containing a negatively charged glu- 
tamic residue at the interface (e.g., 18R and 

ings are presently not clear. It is possible that 
the long alkyl side chains of arginine and lysine 
residues contribute to the overall hydrophobic- 
ity of the amphipathic helix and provide addi- 
tional favorable free energy of lipid association, 
allowing the helix to bury deeper in the phospho- 
lipid bilayer [22]. Alternatively, the positive 
charges at the helix interface may facilitate inter- 
action with the negative charges on the phospho- 
lipid bilayers, whereas negatively charged resi- 
dues will hinder such interactions by charge 
repulsion. 

A lack of fusion inhibition by the A-I[8-331 
peptide, which fails to fold into a-helical struc- 
tures in the presence of lipids (data not shown), 
suggests that the ability to adapt an a-helical 
conformation in the presence of lipids is a prereq- 
uisite for fusion inhibition by the amphipathic 
peptides. However, we could not detect a quanti- 
tative correlation between the a-helical content 
of the peptides and their fusion-inhibitory activ- 
ities. The fusion-inhibitory activities of modified 
peptides (e.g., [Glu'.' Leu",'7 118A and [Glu4,' 
~ ~ ~ 1 1 . 1 7  118R) with an increased a-helical content 
were not significantly different from the fusion- 

[Glu4.9 Leu1L17- 118R). The reasons for these find- 

inhibitory activities of their unmodified counter- 
parts (18A and 18R). Many peptides with a high 
a-helical content in the presence of lipids also 
displayed a high a-helical content in buffer, pre- 
sumably due to aggregation [11,24]. The aggre- 
gated peptides, in general, displayed a lower 
fusion-inhibitory activity. 

Two lines of evidence suggest that the amphi- 
pathic helices exert their fusion inhibitory ef- 
fect, at least in part, by their lipid binding prop- 
erties: 1) A-I 18-33], which did not bind to lipids, 
failed to inhibit cell fusion and 2) free apoA-I 
effectively inhibited cell fusion, whereas HDL, 
which contains lipid-associated apoA-I, failed to 
inhibit cell fusion. [G~u'~]A-I,, bound to lipids 
but did not inhibit cell fusion. This result sug- 
gests that lipid binding is necessary, but not 
sufficient, for fusion inhibition by the amphip- 
athic helical peptides. There was no correlation 
between lipid affinity of the peptides as deter- 
mined by the sizes of peptide-DMPC complexes 
and their fusion-inhibitory activities. The pep- 
tides [Arg'3]A-I,,, and [Ala'3]A-Ic,, had a high 
lipid affinity but were found to be poor inhibi- 
tors of cell fusion. In contrast, [Met3118A, a 
peptide with a moderate lipid affinity, was a 
good inhibitor of virus induced cell fusion. The 
reasons for the lack of correlation between lipid 
affinity and fusion-inhibitory activities are pres- 
ently not clear. It is possible that affinity of the 
peptides for DMPC does not reflect entirely the 
affinity of these peptides for complex biological 
membranes such as the viral and cellular mem- 
branes. Furthermore, we cannot rule out the 
possibility that the peptides interact with proteina- 
ceous components of cells (e.g., receptors) and vi- 
ruses (glycoproteins) involved in the fusion process. 

We have previously shown that the inhibitory 
effects mediated by peptide analogs of apoA-I 
are exerted on a wild-type HSV-1 isolate as well 
[251. In other studies, we have found that apoA-I 
and its peptide analogs can inhibit human immu- 
nodeficiency virus (HIV)-induced cell fusion 
[26,27]. Studies are currently in progress to 
determine whether the different peptide analogs 
vary in their spectra of antiviral activities. The 
precise mechanism by which the amphipathic 
peptide analogs inhibit virus-induced cell fusion 
remains to be established. Available evidence 
from two different virus systems indicates that 
the peptides interfere with the fusion process 
per se and do not affect synthesis, processing, or 
assembly of viral proteins [14,25-271. The pep- 
tides may therefore interact directly with some 
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component of the fusion mechanism. Consistent 
with this idea, the amphipathic peptides also 
inhibited entry of the virus into cells, a process 
that involves fusion of viral membranes with 
cell membranes. Interestingly, the inhibitory 
effects on virus penetration were manifest when 
the viruses (but not the cells) were pretreated 
with the peptides. It is therefore likely that the 
peptides either interact with a macromolecule 
(e.g., viral fusion proteins) or alter the supramo- 
lecular structure associated with the viral mem- 
branes. 

CertGn carbobenzoxy di- and tripeptides have 
been shown to inhibit measles virus and herpes 
virus penetration, virus-induced cell fusion, and 
hemolysis [28-301. Short hydrophobic peptides 
(and their carbobenzoxy derivatives), which are 
homologous to the hydrophobic amino-terminal 
domain of the viral fusion proteins, also inhibit 
virus infection and virus-induced cell fusion by 
myxo- and paramyxoviruses [31-331. The antivi- 
ral carbobenzoxy peptides, unlike the apoA-I 
analogs, appear to exert their effect on the cells 
and not the virus. It has been suggested that 
these antiviral peptides may bind to a putative 
fusion receptor on the cell membranes. These 
peptides have also been shown to elevate the 
bilayer to hexagonal phase transition tempera- 
ture in model membrane systems, and it has 
been suggested that this bilayer-stabilizing prop- 
erty of the peptides may play a role in their 
antiviral activity [3]. Consistent with this hy- 
pothesis, other molecules such as tromantadine 
and cyclosporine, which stabilize the membrane 
bilayer, have been shown to inhibit virus-in- 
duced cell fusion [3,4,34,351. Preliminary re- 
sults show that some of the analogs of amphip- 
athic peptides (e.g., 18A) used in this study have 
an ability to elevate the bilayer to hexagonal 
phase transition temperature in model mem- 
brane systems (R.M. Epand et al., unpublished 
results); whether the amphipathic peptides ex- 
ert a bilayer-stabilizing effect on the complex 
biological membranes remains to be investi- 
gated. It will also be of interest to determine 
whether these different classes of fusion-inhibi- 
tory molecules display any additive or synergis- 
tic effects. 

The biological significance of the in vitro anti- 
viral effect exerted by apoA-I (and its amphi- 
pathic peptide analogs) is presently not clear. 
High plasma levels of HDL have been found to 
be a common and perhaps hereditary factor in 
long-lived individuals, and the beneficial effects 

of high HDL levels can be observed even after 
correcting for prevented deaths due to coronary 
heart diseases, in which HDL may play a direct 
role [36]. Several studies have suggested a partic- 
ipation of lipoproteins in host defense against 
infectious and noninfectious tissue destructive 
processes 137-421, although the mechanisms in- 
volved in this process remain unclear. Available 
information indicates that certain amphipathic 
molecules such as acute-phase serum proteins 
can displace apoA-I from HDL [431. It is possible 
that the displaced apoA-I serves to prevent the 
spread of certain viral infections. 

Amphipathic helices have been observed in 
naturally occurring antimicrobial agents such 
as cecropins and magainins [44,451. However, 
these helices are characterized by the presence 
of a positively charged cluster along the polar 
face of the amphipathic helix, which is thought 
to facilitate pore formation and lysis of bacterial 
cells after peptide oligomers insert into mem- 
branes [46]. Different species of interferons also 
contain a region of similar overall length, charge 
distribution, and hydrophobicity that can fold 
into amphipathic helical segments. The amphi- 
pathic helices observed in interferons contain a 
highly hydrophobic nonpolar face [471. Interest- 
ingly, interferon treatment has been shown to 
render cell membranes rigid and inhibit HSV- 
induced cell fusion [48,491. The role, if any, of 
the amphipathic helical segments in interferon- 
mediated inhibition of HSV remains to be inves- 
tigated. Future studies on amphipathic helices 
with different charge distribution and hydropho- 
bicity and omission analogs similar to those 
described for magainins [50] should facilitate 
understanding structure-function relationships 
and design of effective antiviral peptides. 
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