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Abstract

Several lipoamino acids were synthesized in which palmitic acid was coupled with the o-amino group of an amino acid.
These lipoamino acids were tested for their inhibitory action against Sendai virus fusion to liposomes composed of egg
phosphatidylethanolamine and 5 mol% of the ganglioside Gpj,. A commonly employed viral fusion assay based on the
dilution of the fluorescent probe octadecylrhodamine (R18) exhibited an additional complication in the presence of N%-
palmitoyl tryptophan (palm-Trp). At higher mol fraction of palm-Trp it was observed that there was an increase in R18
quenching. Studies on the dependence of the emission wavelength of palm-Trp on excitation wavelength demonstrated that
the presence of R18 alters the environment of the indole. The results illustrate one of the complexities of viral fusion assays
using the R18 probe. Despite this complication it was possible to demonstrate that several of the lipoamino acids are effective
at inhibiting the fusion of Sendai virus to liposomes as measured by the R18 assay. One of the most effective inhibitors of this
process is palm-Trp which, at a concentration of 4 mol% in liposomes, markedly reduces the apparent rate of fusion. At pH
5.0 this amphiphile is also an inhibitor of Sendai virus fusion, indicating that the ionization of the carboxyl group of this
amphiphile is not required for its antiviral activity. The inhibitory action of palm-Trp against Sendai virus was confirmed by
demonstrating inhibition of Sendai-mediated cytopathic effects studied in tissue culture. A property associated with antiviral
activity is the ability of amphiphiles to raise the bilayer to hexagonal phase transition temperature of dielaidoyl
phosphatidylethanolamine. All of these lipoamino acids were found to possess this property, but a quantitative relationship
with inhibition of viral fusion was not found. © 1998 Elsevier Science B.V. All rights reserved.
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Abbreviations: CPE, cytopathic effects; DEPE, dielaidoyl
phosphatidylethanolamine; DMF, dimethylformamide; DSC,
differential scanning calorimetry; E/M, excimer to monomer fluo-

1. Introduction

rescence emission ratio; LUV, large unilamellar vesicle; Palm-
amino acid (three letter code used for all amino acids), N*-pal-
mitoyl-amino acid sodium salt; PalmOSu, palmitoyl N-hydroxy-
succinamide ester; PDTAB, pyrene butyl trimethylammonium
bromide; PE, phosphatidylethanolamine; R18, octadecylrhod-
amine; Ty, bilayer to hexagonal phase transition temperature;
TLC, thin layer chromatography
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A number of N*-palmitoylated amino acids and
peptides have been synthesized in which palmitic
acid is linked by an amide bond to the terminal o-
amino group of an amino acid. Several of these lipo-
amino acids decrease the surface tension of water at
lower concentrations than do more commonly used
amphiphiles [1]. These compounds also exhibit
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strong emulsifying properties. A number of amphi-
philic substances including cholesterol phosphoryl-
choline [2] and lipophosphoglycan [3] can markedly
inhibit the rate of viral fusion. There has been par-
ticular interest recently in lysophosphatidylcholine as
an amphiphile which can inhibit viral fusion proc-
esses [4-7]. Lipoamino acids are particularly attrac-
tive as amphiphiles with potential antiviral activity
because of their potent surfactant activity and the
possibility of preparing a series of homologous com-
pounds. In addition, earlier studies with other lipo-
peptides, the a-factor from Saccharomyces cerevisiae
and a number of its analogs [8], showed that this
type of compounds raised the bilayer to hexagonal
transition temperature (7y), a property associated
with antiviral activity [9]. Certain acyl amino acid
derivatives have been proposed as potential antiviral
agents, because of their inhibition of influenza neur-
aminidase [10].

In this study we have prepared a number of pal-
mitoylated amino acids and incorporated them into
model membranes to study their properties in mem-
branes as well as their ability to affect the fusion of
Sendai virus. These palmitoylated amino acids have a
fatty acyl chain which will cause them to partition
into membranes and hence to be at the site of mem-
brane fusion. Palmitoylated amino acids would be
degraded in vivo to the non-toxic products of a fatty
acid and an amino acid.

2. Experimental procedures
2.1. Chemicals

The following N%-palmitoylated amino acids as
sodium salts were synthesized as described below:
palm-Val, palm-Gly, palm-Ala, palm-Leu, palm-
Phe, palm-His, palm-Tyr and palm-Trp. All phos-
pholipids were obtained from Avanti Polar Lipids
(Alabaster, AL). Gangliosides were purified accord-
ing to Reed et al. [11]. All lipids showed one spot by
thin layer chromatography (TLC) at a load of 50 pg.
Fluorescent probes were purchased from Molecular
Probes (Eugene, OR). All other chemicals and sol-
vents were of reagent grade. Unless stated otherwise,
all reagents and solvents used for synthesis were ob-

tained from Merck (Darmstadt, Germany) of the
synthetic grade and used without further purifica-
tion. Amino acid methyl ester derivatives of synthetic
grade were purchased from NovaBiochem (Switzer-
land).

2.2. General procedure for preparation of
N%palmitoylated amino acids as sodium salts

The condensation of palmitic acid to the o-amino
group of the amino acid was carried out in all cases
using the N-hydroxysuccinimide ester method as pre-
viously described [1].

2.3. Synthesis of palmitoyl N-hydroxysuccinamide
ester (PalmOSu)

To a solution of palmitic acid (0.0125 M) and N-
hydroxysuccinimide (0.0125 M) in 50 ml of dimethyl-
formamide (DMF), a solution of N,N’-dicyclohexyl-
carbodiimide (0.0125 M) in 10 ml of DMF was
added. The mixture was stirred at room temperature
for 24 h and allowed to stand overnight in a refrig-
erator. N,N’-Dicyclohexylurea was removed by filtra-
tion and washed with DMF. The combined filtrate
and washings were extracted three times with hexane.
Water was then added to the DMF solution to yield
a white crystalline precipitate. After several recrystal-
lizations from ethyl acetate with petroleum ether, the
desired PalmOSu was satisfactorily obtained. Yield
80%; m.p.: 89-90°C.

2.4. Synthesis of N*-palm-amino acid methyl ester
derivatives

To a solution of the corresponding hydrochloride
salt of the amino acid methyl ester (0.002 M) in 5 ml
of DMF, triethylamine (0.004 M) was added at 0°C
followed by a solution of PalmOSu (0.002 M) in 5 ml
of DMF. The mixture was held at room temperature
for 24 h. The solvent was then removed under re-
duced pressure and the residue dissolved in ethyl
acetate. The organic layer was washed with 10%
aqueous citric acid, 5% aqueous NaHCOj; and water,
and then dried. The resulting oil was precipitated
from ethanol/hexane or chloroform/light petroleum
mixtures.
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Table 1
Chemical characteristics of the compounds synthesized
Lipoamino acid MW M.p. (°C) % yield  [a]f Analysis (%; calc. (found))

C H N

PalmGlyOMe 327 78-81 80 69.72 (70.1) 11.3 (11.28) 4.28 (4.37)
PalmGlyONa 335 198-200 90 64.47 (64.50) 10.15 (10.32) 4.18 (3.98)
PalmValOMe 341 70-72 75 —16.6 70.38 (70.63) 11.44 (11.42) 4.10 (4.10)
PalmValONa 349 120-121 95 65.33 (65.50) 10.31 (10.57) 4.01 (3.92)
PalmAlaOMe 341 77-80 75 -29 70.38 (70.50) 11.44 (11.70) 4.11 (4.18)
PalmAlaONa 349 124-125 95 65.33 (65.24) 10.31 (10.55) 4.01 (3.86)
PalmLeuOMe 383 52-54 80 -23 72.06 (72.10) 11.75 (11.60) 3.65 (3.50)
PalmLeuONa 391 77-78 95 —-13 67.52 (77.32) 10.74 (10.56) 3.58 (3.18)
PalmPheOMe 417 72-74 50 13 74.82 (74.79) 10.31 (10.52 3.36 (3.40)
PalmPheONa 425 109-110 90 70.60 (70.48) 9.41 (9.26) 3.29 (2.98)
PalmHisOMe 408 124-126 40 —6.5 67.40 (67.37) 10.37 (10.46) 10.37 (10.26)
PalmHisONa 416 210-211 95 63.46 (63.11) 9.37 (9.56) 10.10 (9.89)
PalmTyrOMe 433 97-100 70 5.5 72.20 (72.05) 10.15 (9.93) 3.23 (3.26)
PalmTyrONa 441 198-200 97 68.02 (67.79) 9.07 (9.42) 3.17 (2.98)
PalmTrpOMe 457 65-68 65 1.7 73.50 (73.26) 9.84 (9.90) 6.12 (5.98)
PalmTrpONa 465 123-125 98 69.67 (69.33) 9.03 (9.44) 6.02 (5.8)

20.2% methanol at 25°C. Units in deg/cm/mol.

2.5. Synthesis of N*palm-amino acid sodium salts

Removal of the terminal methyl ester was carried
out by classical treatment with a 10% excess of an
ethanolic NaOH solution at room temperature. A
white solid was collected by filtration corresponding
to the final compound. The progress of the reaction
and the homogeneity of the products were monitored
by silica gel TLC on Merck, Kiesegel 60 plates with
or without the 2*F fluorescent indicator. The run-
ning solvent was butanol/acetic acid/water (4.2:5:2.5)
or methanol/chloroform (7:3). Primary amino
groups were detected on the TLC plate with ninhy-
drin spray and amide groups with chlorine-toluidine
developer solution [12]. The purity of the intermedi-
ate and final compounds was also checked by HPLC
using a model Merck-Hitachi D-2500 apparatus with
a lichrocart 125-4, lichrospher 100 pp 18 column and
using a UV-VIS detector, L-4250, at A =210 nm. The
mobile phase was a solvent gradient 10-100% of ace-
tonitrile in water at 203-303°K for 45 min or an
isocratic mixture of 20% water-80% acetonitrile. El-
emental analysis for all intermediate and final com-
pounds agreed with expected results. Melting points
were determined with an FP81 measuring cell of the
FP90 Mettler System; optical rotations were meas-
ured with a 141 Perkin-Elmer Spectropolarimeter
(Norwalk, CT). The structures of intermediate and

final products were checked by 'H-NMR analysis
using a Varian 200 MHz spectrometer. The IR spec-
tra were recorded on an IR-FT Nicolet spectropho-
tometer. Table 1 shows the chemical characteristics
of the lipoamino acids as methyl esters and sodium
salts.

2.6. Preparation of large unilamellar vesicles (LUVs)

The phospholipid was dissolved in a mixture of
chloroform/methanol, 2:1 (v/v), to which 5 mol%
of ganglioside Gp;, was added from a methanolic
solution. Palmitoyl amino acids were also added at
this point from a methanolic solution. The solvent
was evaporated with a stream of dry nitrogen gas,
depositing the lipids as a film on the walls of a Pyrex
test tube. Samples were placed in a vacuum evapo-
rator equipped with a liquid nitrogen trap for 2-3 h
to remove the last traces of solvent. The dried lipid
film was suspended by vigorous vortexing with 5 mM
HEPES, 5 mM MES, 5 mM sodium citrate, 150 mM
NaCl, | mM EDTA at pH 7.4 (HEPES-MES buffer).
The lipid suspensions were further processed with
five cycles of freezing and thawing, followed by ten
passes through two stacked 0.1 um polycarbonate
filters (Nucleopore Filtration Products, Pleasanton,
CA) using an Extruder (Lipex Biomembranes, Van-
couver, B.C.) at room temperature [13,14]. Lipid
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phosphorus was determined by the method of Ames
[15].

2.7. Quasi-elastic light scattering

Particle sizing was carried out with a laser light
scattering instrument from Brookhaven Instrument,
equipped with a BI-200sm goniometer, version 2.0
and a BI-900AT Digital Correlator System. Size dis-
tribution analysis was calculated using a non-nega-
tively constrained least squares method, with soft-
ware provided by the instrument manufacturer.
Liposomes with or without palmitoylated amino
acids were found to have a mean diameter of 92 nm.

2.8. Virus preparations

The Cantell strain of Sendai virus was propagated
in the allantoic sac of 10-day-old embryonated chick-
en eggs by incubation at 33°C for 72 h. Virus was
isolated by discontinuous sucrose gradient centrifu-
gation. The virus was washed and the final prepara-
tion resuspended in HEPES-buffered saline pH 7.4,
at a viral protein concentration of 1 mg/ml. The virus
was stored in the frozen state at —70°C.

2.9. Virus fusion assay

Sendai virus was labelled with octadecylrhodamine
(R18) (Molecular Probes, Eugene, OR) according to
the procedure of Hoekstra et al. [16]. Ten microlitres
of R18 (10 nmoles) in ethanol were injected into 1 ml
of a suspension of Sendai virus in HEPES-MES buft-
er containing approx. 1 mg of viral protein. The
mixture was allowed to incubate at room tempera-
ture for 1 h. Unincorporated R18 was then removed
by passing the labelled virus through a Sephadex G-

Table 2
Effect of N%-palmitoyl amino acids on Ty

Amino acid Shift of Ty (°C/mol fraction)?*
Ala 44+5

Leu 15415

Phe 10016

Trp 1417

His 232+23

Tyr 225+23

2The data above are for pH 7.4. At pH 5.0, the value for Trp
reduces to 41 + 1.
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75 gel filtration column eluted with the HEPES-MES
buffer, and collecting the virus in the void volume.
The final viral protein concentration was determined
using the BCA assay (Pierce Chemical, Rockford,
IL). LUVs were diluted into 2 ml of HEPES-MES
buffer pH 7.4, maintained in a thermostatted cuvette
holder at 37°C with continual magnetic stirring. Five
micrograms of R18-labelled Sendai virus was rapidly
injected into the cuvette after thermal equilibration.
Fluorescence was recorded using an SLM AMINCO
Bowman Series 2 Luminescence Spectrometer inter-
faced with a 386/20 IBM compatible computer. The
instrument used a xenon arc light source with a 560
nm filter between the excitation slit and sample and a
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590 nm cutoff filter between the sample and the pho-
tomultiplier tube to minimize any contribution of
light scattering to the fluorescence signal. The exci-
tation and emission monochromators were set at 565
and 600 nm, respectively. The fluorescence intensity
immediately after addition of the labelled virus was
taken as Fp. A 20 pl aliquot of 10% Triton X-100
was added in order to measure Fjoy. The percentage
of R18 dequenching was calculated at time ¢ from:

% R18 dequenching = 100(F—Fy)/(F100—Fo)

A variation of this assay was performed in order
to measure the effect of pH on the rate of viral fu-
sion. This was done in two ways; either the virus was
added to liposomes in 10 mM citrate, 0.15 M NaCl,
1 mM EDTA, pH 5.0 buffer in the fluorimeter cu-
vette or the viral fusion assay was begun at pH 7.4
with the addition of virus as described above and
then the mixture was acidified to pH 5.0 with a small
volume of 1 M citric acid solution.

2.10. Differential scanning calorimetry (DSC)

Lipid films were made from dielaidoyl phosphatid-
ylethanolamine (DEPE) dissolved in chloroform/
methanol (2:1, v/v) and to some tubes small aliquots
of a palmitoyl amino acid were added from a meth-
anolic solution. After solvent evaporation with nitro-
gen, final traces of solvent were removed in a vac-
uum chamber for 90 min. The lipid films were
suspended in either 20 mM PIPES, 1 mM EDTA,
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Fig. 6. Fluorescence of 8 mol% PDTAB incorporated into egg
PE with 5 mol% Gpj,, containing varying concentrations of
different palmitoyl amino acids. X-Axis: (1) LUV control (no
palmitoyl amino acid present). Concentrations of palmitoyl
amino acids are: (2) 0.5 mol%; (3) 2 mol%; (4) 4 mol%. Z-
Axis: effect of different concentrations of LUVs: front row
(grey dots), 10 uM; middle row (crossed lines), 20 uM; back
row (black columns), 50 uM. Y-Axis: excimer/monomer fluores-
cence emission ratios.

150 mM NaCl with 0.002% NaNs, pH 7.4 or in 10
mM citrate, | mM EDTA, 150 mM NaCl, pH 5.0 by
vortexing at 45°C for 30 s. The final lipid concentra-
tion was 5 mg/ml. The palmitoyl amino acids were
incorporated at varying concentrations up to 4
mol%. The lipid suspension was degassed under vac-
uum before being loaded into an MC-2 high sensi-
tivity scanning calorimeter (Microcal, Amherst, MA)

Table 3
Antiviral activity
Compound CPE?, Neutral red®, 50%

ECsp (ug/ml)  ECsy (ug/ml) cytotoxicity®
Palm-Trp >3 3 4
Palm-Val 5 4 14
Ribavirin 4 4 164

2CPE is a measure of the viral cytopathic effects as determined
by the number of surviving cells. The ECs, is the concentration
of compound required to reduce the viral induced CPE by
50%.

®Neutral red is a microscopic assay measuring the integrity of
the cell membrane and is also a manifestation of the viral CPE.
The ECsy of the compound has the same meaning as with
CPE.

¢Cytotoxicity is a measure of the lethal effect of the compound
in the absence of virus. The assay is the same as for CPE, but
no virus is added.

or a Nano Differential Scanning Calorimeter
CSC5100 (Calorimetry Sciences, Provo, UT). A heat-
ing scan rate of 37°C/h was generally employed. The
observed phase transitions were independent of scan
rate between 10 and 60°C/h. The bilayer to hexago-
nal phase transition was fitted using parameters to
describe an equilibrium with a single van 't Hoff
enthalpy [17] and the transition temperature reported
as that for the fitted curve.

2.11. Tryptophan fluorescence

Fluorescence emission spectra in LUVs of egg PE
with 5 mol% Gp;, were measured at 37°C, using an
SLM Aminco Series II luminescence spectrometer.
The liposomes containing palm-Trp had the same
lipid composition and size as those used for the viral
fusion studies. In addition, LUVs with 4 mol% palm-
Trp and 0.1 mol% R18 or with 4 mol% N-acetyl-Trp-
amide were measured. The liposomes were diluted
with either the pH 7.4 or the pH 5.0 buffer used
for DSC, so as to minimize inner filter effects. Ex-
citation wavelengths from 280 to 310 nm were used
in order to observe the red edge effect. LUV blanks
were subtracted from the observed spectra. This had
little effect on the emission spectra except for remov-
ing the Raman band of water.

2.12. Leakage studies

Aqueous content leakage from liposomes was de-
termined using the ANTS-DPX assay [18]. Films
were hydrated with 12.5 mM ANTS, 45 mM DPX,
68 mM NaCl and 10 mM TES at pH 7.4. After
passage through a 2.5X2 cm column of Sephadex
G-75, the void volume fractions were collected and
the phospholipid concentration was determined by
phosphate analysis. The fluorescence measurements
were performed in 2 ml of buffer containing 10
mM TES, 0.15 M NaCl, 0.1 mM EDTA at pH 7.4
(TES buffer), in a cuvette equilibrated at 37°C. Ali-
quots of LUVs with and without palmitoyl amino
acids were added to the cuvette and then fluorescence
was recorded as a function of time using an excita-
tion wavelength of 360 nm and an emission wave-
length of 530 nm. The value for 100% leakage was
obtained after adding 20 pl of a 10% Triton X-100
solution to the cuvette.
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2.13. RI8 quenching

LUVs containing egg PE with 5 mol% Gp;, and
0.1 mol% RI18, with and without palmitoyl amino
acids, were made. The R18 fluorescence was meas-
ured in 2 ml of HEPES-MES buffer pH 7.4 in a
cuvette equilibrated at 37°C, with stirring, to which
an amount of LUVs were added. The 100% de-
quenching value was obtained by adding 20 pl of
10% Triton X-100.

2.14. Pyrene butyl trimethylammonium bromide
fluorescence

Pyrene butyl trimethylammonium bromide
(PDTAB) was incorporated into films of egg PE
with or without 5 mol% Gpia, at concentrations of
5 or 8 mol%. At these concentrations the excimer to
monomer ratio (E/M) was in the range of 0.06-0.09
for LUVs. Palmitoyl amino acids were incorporated
into films at concentrations between 0 and 4 mol%
and LUVs were made by extrusion. Fluorescence was
measured at 37°C in a cuvette containing 2 ml of
HEPES-MES buffer pH 7.4, to which aliquots of
up to 50 uM LUVs were added. The excitation wave-
length was 342 nm. The excimer and monomer fluo-
rescence intensities were measured at wavelengths of
494 nm and 377 nm, respectively.

2.15. Cellular assay for antiviral activity

Antiviral screening assays were performed at the
Institute for Antiviral Research (Utah State Univer-
sity, Logan, UT). These assays used the Cantell
strain of Sendai virus (parainfluenza type 1) infecting
African green monkey cells (cell line MA-104). Two
criteria for antiviral activity were used. One is the
inhibition of the viral cytopathic effect (CPE). This
is done by adding the drug to the wells of microtitre
plates containing a cell monolayer. Within 5 min the
virus was then added and the plate incubated at 37°C
for 3-7 days. Methanol was used to dissolve the pal-
mitoyl amino acid and a solvent control was there-
fore also measured. The final concentration of meth-
anol was less than 1% and showed no toxicity by
itself. In addition, a positive control, rivabirin, was
evaluated in parallel. The CPE is read microscopi-
cally and neutral red was subsequently added to the

media. Cells not damaged by virus take up more dye.
The data are expressed as the drug concentration
required to observe 50% of maximal effect. Cytotox-
icity of the drugs on African green monkey cells is
also evaluated in the absence of virus.

3. Results

We have measured by DSC the changes that a
number of lipoamino acids produce on the bilayer
to hexagonal transition temperature (7y) of DEPE.
A thermogram showing changes occurring with vary-
ing mole fractions of palm-Trp is given in Fig. 1A.
We find that all of the N*-palmitoylated amino acids
raise Ty (Table 2). A linear dependence on mole
fraction is observed. At pH 5.0 the palm-Trp had a
much smaller effect on 7y (Fig. 1B), raising it by
only 41 °C/mol fraction.

The fluorescence emission spectrum of Trp is sen-
sitive to its solvent environment. The palm-Trp ex-
hibits an emission maximum at about 344 or 341 nm
at pH 7.4 and pH 5.0, respectively. This indicates
that the Trp moiety is within the membrane but posi-
tioned close to the interface. The Trp is slightly more
buried at pH 5, as expected subsequent to the pro-
tonation of the carboxyl group, making the lipoami-
no acid more hydrophobic.

The dependence of the emission wavelength on the
excitation wavelength is thought to be a consequence
of the degree to which the solvent can relax during
the lifetime of the excited singlet state [19,20]. The
palm-Trp exhibits about a 2 nm red edge shift when
embedded at 4 mol% in liposomes of egg PE contain-
ing 5 mol% of the ganglioside Gpj,, which acts as a
receptor for Sendai virus in the fusion assays. In con-
trast, N-acetyl-Trp-amide has a maximal emission at
352 nm which does not shift with excitation wave-
length even in the presence of the egg PE with 5
mol% Gpj, liposomes (Fig. 2). Addition of 0.1
mol% R18 to liposomes composed of 4 mol% palm-
Trp with 5 mol% Gp;, in egg PE, greatly increases
the red edge shift (Fig. 2). Accurate emission maxima
for these samples could not be measured above an
excitation wavelength of 298 nm because of the low
emission intensity and the inner filter effects caused
by the presence of R18. Nevertheless, it is clear that
R18 markedly enhances the red edge shift effect.



74 R F. Epand et al. | Biochimica et Biophysica Acta 1373 (1998) 67-75

The effect of these lipoamino acids on the fusion
of Sendai virus was tested with liposomes composed
of egg PE with 5 mol% Gpi, (Fig. 3). The ganglio-
side was incorporated to act as a receptor for Sendai
virus. A lipid dilution assay with the fluorescent
probe R18 was used. The N-palmitoylated amino
acids of Ala, Val, Ile, Leu and Gly had no significant
effect on viral fusion up to mole fractions as high as
0.2. Palm-His and palm-Phe showed some inhibition
at mole fractions higher than 0.04. However, the
lipoamino acids palm-Tyr and palm-Trp exhibited
marked inhibition of fusion at mol fractions as low
as 0.005. Inhibition of fusion was also seen to com-
parable extents at pH 5 with palm-Trp.

Quenching of R18 fluorescence was studied with
both palm-Trp and R18 incorporated into LUVs
and this effect was dependent on the amount of
this lipoamino acid present in the vesicles. It was
not observed with the other palmitoyl amino acids
tested (Figs. 4 and 5). It was also observed to a
comparable degree at pH 5 with palm-Trp.

E/M obtained from PDTAB fluorescence shows a
biphasic behaviour with palm-Trp, first decreasing
with small amounts added and then increasing pro-
gressively with increasing concentrations (Fig. 6).
The other palmitoyl amino acids showed an increase
in E/M with respect to control vesicles, particularly
palm-Gly (Fig. 6); E/M was largely independent of
concentration in the range studied here for the other
palmitoyl aromatic amino acids.

As a complement to the R18 lipid dilution assays
and to show the inhibitory effect of palm-Trp inde-
pendently of the presence of a fluorescent probe, we
measured the antiviral activity of palm-Trp by meas-
uring inhibition of viral CPE. We used palm-Val for
comparison and ribavirin as a positive control. The
results are summarized in Table 3. They confirm that
palm-Trp is a potent antiviral agent. However, both
palmitoylated amino acids exhibit significant cyto-
toxicity and a low index of antiviral selectivity.

4. Discussion

Because the R18 lipid dilution assay is one of the
most frequently used assays in viral fusion, the ob-
servation that palm-Trp quenches the fluorescence of
R 18, when incorporated into LUVs, deserved partic-

ular attention. This quenching is dependent on the
concentration of palm-Trp and occurs also at pH 5.
Both Gp;, and the palmitoyl amino acid are nega-
tively charged, while the R18 is positively charged.
One would expect the introduction of increasing
amounts of the palm-Trp to increase the amount of
negative charge present on the surface of vesicles.
This could either (a) create a competitive effect for
the interaction of R18 with Gp;,, making the effec-
tive local concentration of R18 increase around the
palm-Trp due to greater affinity, thus increasing self-
quenching, or (b) the palm-Trp could be causing de-
fects on the surface which would attract the probe
increasing its local concentration. Higher local con-
centrations of R18 result in lower fluorescence,
largely as a result of energy transfer to non-fluores-
cent dimers of R18 [21].

Since the quantum yield is determined by a num-
ber of factors, we wanted to test a different cationic
fluorescent membrane probe using a different spec-
troscopic property. We chose the probe PDTAB,
whose excimer concentration is dependent on the
frequency of collisions between a PDTAB ground
state and excited state. Thus the ratio of excimer to
monomer emission (E/M) is higher in conditions in
which the PDTAB is clustered. A lower E/M, indica-
tive of decreased probe concentration, was observed
with the addition of small amounts of palm-Trp.
This was not the case for the more hydrophobic lip-
oamino acid palm-Val or for palm-Gly, which in-
creased the E/M with increasing concentration nor
for the other palmitoyl aromatic amino acids which
had little effect. Therefore, it is possible to conclude
that the bulky Trp head group causes a disruption on
the surface of the vesicles. The probes would accu-
mulate in the defects attracted by the negative charge
of the lipoamino acid. With more hydrophobic or
less bulky lipoamino acids, this would not happen
as they would be able to accommodate more deeply
into the bilayer, causing less disruption on the sur-
face. At higher palm-Trp concentrations there are
more defects for the PDTAB to be diluted into and
therefore the extent of quenching decreases.

Palmitoylated amino acids act very differently than
free fatty acids with regard to lipid polymorphism.
While palmitoylated amino acids significantly stabi-
lize the bilayer towards non-bilayer phase formation
at physiological as well as acidic pH, saturated fatty
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acids have little or no effect at pH 7.4 and can even
decrease Ty at lower pH [22]. This would be consis-
tent with palmitoyl amino acids taking up a place in
the head group region and increasing interfacial lat-
eral pressure.

The observed increase in the red edge shift in the
emission spectrum of palm-Trp by R18 is also con-
sistent with the interaction between these two fluo-
rescent probes. It also explains the quenching of the
R18 fluorescence since the lipoamino acid could
cause the R18 to be non-randomly distributed. The
palm-Trp itself shows a small red edge shift, indicat-
ing a slower relaxation of dipoles surrounding the
excited singlet state as would occur in a more rigid
membrane environment. However, the red edge shift
is small, consistent with the observation that Trp in
membranes containing PE does not form hydrogen
bonds between the lipid and the Trp, the latter hav-
ing a large degree of motional freedom [23].

The complications of the R18 assay for viral fu-
sion in the presence of palm-Trp indicate an addi-
tional caveat in the application of the R18 viral fu-
sion assay in the presence of Trp containing peptides
or proteins. This complication does not affect the
apparent R18 dilution for the non-aromatic amino
acids and the effects with palm-Tyr, palm-Phe or low
concentrations of palm-Trp are small. The lipoamino
acids which inhibit viral fusion most effectively are
palm-Tyr and palm-Trp. But the fact that palm-Trp
remains inhibitory at pH 5, where it is also much less
effective in promoting a non-bilayer phase in the lip-
id, indicates that other factors are also of impor-
tance. In addition, palm-His and palm-Leu are effec-
tive in raising Ty, but have little or no inhibitory
activity against viral fusion. Therefore, compounds
which partition into the membrane and are effective
in raising Ty, are not necessarily good inhibitors of
viral fusion and a quantitative relationship cannot be
established only on this basis.

As a verification that palm-Trp has antiviral activ-
ity, we tested this directly in a cell system by measuring
the inhibition of viral-induced cytopathic effects. This
lipoamino acid exhibited potent antiviral activity (Ta-
ble 3). However, the palmitoyl amino acids also exhib-
it high toxicity to cells, limiting their therapeutic ap-
plications. This is likely related to their strong
detergent like action [1] and their ability to promote
positive monolayer curvature in membranes (Table 2).

Acknowledgements

We are grateful to Dr A. Szabo and to Dr S. Nir
for helpful discussions.

References

[1] M.R. Infante, V. Moses, Int. J. Peptide Protein Res. 43
(1994) 173-179.

[2] JJ. Cheetham, S. Nir, E. Johnson, T.D. Flanagan, R.M.
Epand, J. Biol. Chem. 269 (1994) 5467-5472.

[3] L. Miao, A. Stafford, S. Nir, S.J. Turco, T.D. Flanagan,
R.M. Epand, Biochemistry 34 (1995) 4676-4683.

[4] L.V. Chernomordik, E.A. Leikina, M.-S. Cho, J. Zimmer-
berg, J. Virol. 69 (1995) 3049-3058.

[5] P.L. Yeagle, F.T. Smith, J.E. Young, T.D. Flanagan, Bio-
chemistry 33 (1994) 1820-1827.

[6] S. Giinther-Ausborn, A. Praetor, T. Stegmann, J. Biol.
Chem. 270 (1995) 29279-29285.

[7] 1. Martin, J.M. Ruyschaert, Biochim. Biophys. Acta 1240
(1995) 95-100.

[8] R.F. Epand, C.B. Xui, F. Wang, F. Naider, J.M. Becker,
R.M. Epand, Biochemistry 32 (1993) 8368-8373.

[9] R.M. Epand, in: Membrane Interactions of HIV, Wiley-
Liss, New York, 1992, pp 99-112.

[10] M. Kondoh, T. Furutani, M. Azuma, H. Oshima, J. Kato,
Biosci. Biotechnol. Biochem. 61 (1997) 870-874.

[11] R.A. Reed, J. Mattai, G.G. Shipley, Biochemistry 26 (1987)
824-832.

[12] E. Scoffone, A. Fontana, in: S.B. Needleman (Ed.), Protein
Sequence Determination, Springer-Verlag, New York, 1975,
pp. 162-231.

[13] F. Olson, C.A. Hunt, F.C. Szoka, W.J. Vail, D. Papahadjo-
poulos, Biochim. Biophys. Acta 557 (1979) 9-23.

[14] L.D. Mayer, M.J. Hope, P.R. Cullis, Biochim. Biophys.
Acta 858 (1986) 161-168.

[15] B.N. Ames, Methods Enzymol. 8 (1966) 115-118.

[16] D. Hoekstra, T. de Boer, K. Klappe, J. Wilshut, Biochem-
istry 23 (1984) 5675-5681.

[17] J.M. Sturtevant, Annu. Rev. Physiol. Chem. 38 (1987) 463—
488.

[18] H. Ellens, J. Bentz, F.C. Szoka, Biochemistry 24 (1985)
3099-3106.

[19] S. Mukherjee, A. Chattopadhyay, J. Fluoresc. 5 (1995) 237-
246.

[20] A.K. Ghosh, R. Rukmini, A. Chattopadhyay, Biochemistry
36 (1997) 14291-14305.

[21] R.I. McDonald, J. Biol. Chem. 265 (1990) 13533-13539.

[22] R.M. Epand, R.F. Epand, N. Ahmed, R. Chen, Chem. Phys.
Lipids 57 (1991) 75-80.

[23] S. Scarlata, S.M. Gruner, Biophys. Chem. 67 (1997) 269—
279.



