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Abstract

Chemical maodification of the proteins bovine serum albumitgctalbuming-lactoglobulin and chicken lysozyme by 3-hydroxyphthalic
anhydride (3-HP) yielded compounds which exerted antiviral activity in vitro as compared with the native unmodified proteins. Of the three
enveloped viruses tested, human herpes simplex virus type 1 (HSV-1), bovine parainfluenza virus type 3 and porcine respiratory corona
virus, only HSV-1 proved sensitive to the 3-HP-proteins. All of the chemically modified proteins presented antiviral activity against HSV-1
when assayed before, during or after infection. However, to achieve HSV-1 inhibition, significantly higher concentrations of the modified
proteins were required if present before infection as compared to during or after infection. Our results suggest that multiple mechanisms
are involved in the inhibition of HSV-1 infection. Proteolytical digestion of albumiractalbumin,g-lactoglobulin and lysozyme by
trypsin, chymotrypsin and pepsin yielded several peptide fragments with antiherpetic activity. Chemical modification of these peptide
fragments by 3-HP generated peptides with antiviral activity, however, this was almost always combined with a cytotoxic effect on the
Vero cells. Overall, our results suggest that targeted chemical modification of some natural products might provide compounds effective
against HSV-1 infection.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction et al., 1996, 1998, 1999; Superti et al., 1997; Swart et al.,
1996; Valenti et al., 1998; Viani et al., 199%ighlighting
Current chemotherapeutic antiviral drugs have been char-the importance of naturally occurring proteins as antiviral
acterised as having in many cases limited clinical efficacy, agents.
suboptimal pharmacokinetics and toxic side effeétatick Reports of HIV-1 inhibition in vitro by polyanionic
and Potts, 1998 In response to this, a number of recent substances such as heparin and sulphated polysaccharides
studies have investigated the potential benefits of using nat-(Ueno and Kuno, 1987; Baba et al., 1988; Lederman et al.,
urally occurring compounds as therapeutic antiviral agents 1989 encouraged several groups to investigate the antiviral
against herpes simplex virus type 1 (HSV-Ngrchetti activity of chemically modified proteins. The introduction
et al.,, 1996; Isaacs et al.,, 1997; Seong-Ku et al., 1999; of negative charges into human serum albumin by chem-
Carlucci et al.,, 1999; Wachsman et al., 2D0Previous ical modification with polysaccharides, formaldehyde and
studies demonstrated the presence of antiviral agents inaliphatic anhydrides yielded compounds with antiviral ac-
milk (Matthews et al., 1976; Newburg et al., 199®ne tivity against HIV-1 (ansen et al., 1991, 1993; Takami
such agent, lactoferrin, was shown later to inhibit the human et al., 1992; Kuipers et al., 1996, 1999; Swart et al., 1996,
immunodeficiency virus (HIV-1), HSV-1 and -2, human 1999. However, in a systematic studyeurath et al. (1995)
cytomegalovirus, respiratory syncytial virus, poliovirus demonstrated aromatic anhydrides to be more effective in
and rotavirus in vitro larmsen et al., 1995; Marchetti the conversion of natural proteins into negatively charged
antiviral agents against HIV-1. The cellular CD4-receptor of
lymphocytes, macrophages and monocytes was found to be
* Corresponding author. Fax:41-1-635-8932. the primary target for this inhibitior-Lactoglobulin mod-
E-mail addresspella@vetphys.unizh.ch (A. Pellegrini). ified with 3-hydroxyphthalic anhydride (3-HP) in higher
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concentrations, also binds to the HIV gp120 binding site
on CD4 (Neurath et al., 1996 Additionally, 3-HP- lac-
toglobulin is active against HSV-1 and -Rli¢urath et al.,
1998 andChlamydia trachomatigJiang et al., 1997

We have previously shown that antimicrobial peptides
could be generated by digestion of aprotiniellegrini
et al., 1994, 1996 lysozyme Pellegrini et al., 199y
a-lactalbumin Pellegrini et al., 1999and B-lactoglobulin
(Pellegrini et al., 200 and that proteolytic digestion of
aprotinin yielded a hexapeptide with antiviral activity
against HSV-1 and bovine parainfluenza virus 3 (PIV-3)
(Pellegrini et al., 1994 The present study was aimed at
investigating the antiviral activity of 3-HR-lactalbumin,
3-HP{-lactoglobulin, 3-HP-albumin, 3-HP-lysozyme and
the fragments resulting from the proteolytic digestion of the
native proteins before and after chemical modification with
3-hydroxyphthalic anhydride.

2. Materials and methods
2.1. Reagents

The following proteins were used for chemical modi-
fication: bovine serum albumin (BSA, Fluka), lysozyme

from chicken egg white (Fluka)a-lactalbumin (Sigma
Chemical Co., St. Louis, MO) an@tlactoglobulin (Sigma).
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cell-maintenance the foetal calf serum concentration was
lowered to 2% for ST cells and to 0% for Vero76 cells and
MDBK cells, respectively.

2.3. Protein purification

The proteins were dissolved in 0.05% trifluoroacetic acid
(v/v) and purified by reversed phase chromatography on a
Nucleosil 120-10C column using a linear gradient of ace-
tonitrile (12 ml) from 0 to 70% (v/v) in 0.05% trifluoroacetic
acid.

2.4. Chemical modification of the proteins

The proteins were modified with 3-hydroxyphthalic an-
hydride according to a procedure described Ndgurath
et al. (1997) Briefly, 160mg of the purified proteins
were dissolved in 5ml of 0.1 M Na-phosphate pH 8.5.
3-Hydroxyphthalic anhydride solution was added in eight
aliquots of 20Qul (125 mg/ml 3-HP dissolved in dimethyl-
sulfoxyde) at 12 min intervals. The pH of the solution was
maintained at 8.5. After 1 h incubation at 25, the mixture
was dialysed twice against 500 ml PBS pH 7.4. Protein con-
centrations were determined photometrically as described
by Gill and von Hippel (1989)

2.5. Proteolytical digestion of proteins with trypsin and

3-Hydroxyphthalic anhydride used as the chemical reagentseparation of the tryptic fragments

for the modification of the proteins was obtained from
Aldrich. Nucleosil 120-10C18 for reversed phase chro-
matography was from Machery-Nagel. Dialysation mem-
branes Spectra/PBMWCO: 6000-8000 and 500 were from
Spectrum Laboratories Inc. and sterile filters MifleGP
0.22pm from Millipore.

2.2. Cells and viruses

The herpes simplex virus type 1 (HSV-1) was a gift from
Dr. Wunderli, Institute for Medical Virology, University of
Zurich. The bovine parainfluenza virus type 3 (PIV-3) and
the porcine respiratory corona virus (PRCV) were avail-
able at the Institute of Virology. All three viruses were
titrated by inoculation of cells with 10-fold dilutions using
the endpoint dilution method dkeed and Muench (1938)

Fifty milligrams of the protein and 5mg of trypsin were
dissolved in 3.5ml of 0.2M TRA (Triethanolamine-HCI)
buffer containing 20mM CagGlof pH 7.8. The mixture
was stirred for 6h at 37C. The solution was then acid-
ified adding 50Qul of 10% trifluoroacetic acid (v/v) and
centrifuged at 50,00& g for 10 min. The supernatant of
the previous step was loaded in 40 runs onto a Nucleosil
120-10C18 column which was previously equilibrated with
0.1% trifluoroacetic acid in 10% acetonitrile. One hundred
microliter were loaded for every run. The column was eluted
at a flow rate of 0.8 ml/min and fractions of 2(i0were col-
lected. After collecting 10 fractions, a linear gradient from
10 to 70% acetonitrile was applied. Fractions were pooled
according to the elution diagram. Each pool was divided in
two samples and freeze-dried. One of the two samples was

Vero76 cells, used to measure the antiviral activity against then dissolved in PBS and assayed for antiviral activity. The

HSV-1, Madin—Darby bovine kidney cells (MDBK) and
Swine Testicular (ST) cells, used to measure the inhibitory
effect of the chemically modified proteins against PIV-3
and PRCV, respectively, were originally purchased from
ATCC. Vero76 cells and MDBK cells were grown in Eagle’s
minimal essential medium (MEM) with-glutamine (Gib-
coBRL) supplemented with 10% foetal calf serum (FCS,
GibcoBRL), 100U/ml penicillin and 10@g/ml strepto-
mycin (GibcoBRL). ST cells were cultured in the same
medium containing 1% non-essential amino acids (NEA,
GibcoBRL) and 1 mM sodiumpyruvate (GibcoBRL). For

other sample was treated with 3-HP as described below.

2.6. Proteolytical digestion of proteins with chymotrypsin
and separation of the chymotryptic fragments

Chymotryptic digestion of the proteins and the separation
of the chymotryptic fragments were performed in the same
experimental conditions as reported above for the tryptic di-
gestion of the proteins. Fractions from reversed phase chro-
matography were pooled according to the elution diagram
and treated as described above.
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2.7. Proteolytical digestion of proteins with pepsin and
separation of the peptic fragments

Fifty milligrams of the protein and 5mg of pepsin were
dissolved in 3.5ml 0.1 M citrate buffer of pH 2.0. The mix-
ture was gently stirred for 6 h at 3T. The enzymatic reac-
tion was stopped by heating the sample at@@or 30 min.
The sample was then centrifuged at 50,608 for 10 min.

moval of the test compound, the cells were washed with
phosphate-buffered saline (PBS) and then infected with 10
TCIDsg/well of HSV-1 corresponding to a multiplicity of
infection (MOI) of 0.1 or 16 TCIDsg/well of PIV-3 and
PRCV corresponding to a MOI of 1.0, respectively. After
1h incubation the unadsorbed virus was removed, the cell
monolayer was washed with PBS and further incubated in
MEM until a cytophatic effect was visible (about 48 h).

Separation of the peptic fragments was performed by re- Uninfected cells were incubated with the test substances
versed phase chromatography on a Nucleosil 120-10C18alone to evaluate their cytotoxicity. The inhibition of the
column as described above. Fractions from reversed phaseytopathic effect was assessed by light microscopy and mea-
chromatography were pooled according to the elution dia- sured by the neutral red uptake assay. Controls consisted of
gram and treated as described in the section about the tryptidnfected untreated Vero cell monolayers.

digestion of proteins.

2.8. Chemical modification of the fragments derived
from the proteolytical digestion of albumin,
a-lactalbumin, g-lactoglobulin and lysozyme by 3-HP

Single pool samples derived from the proteolytical di-
gestion of albumin,a-lactalbumin, B-lactoglobulin and

2.9.3. Cytopathic effect inhibition assay: incubation of
cell monolayer with test compound and virus

The assay was performed following the protocol described
above, with the exception that the test compound was added
together with the virus. After an incubation time of 1 h at
37°C and 5% C@, the solutions containing both compound
and viruses were removed, the cell monolayer was washed

lysozyme by trypsin, chymotrypsin and pepsin were with PBS and further incubated in MEM for 48 h.

freeze-dried, and then dissolved in 2 ml 0.1 M Na-phosphate

buffer of pH 8.5. Thirty-five microliter of 3-HP solution
(125 mg/ml in DMSO) were added 8 times with a time

interval of 12 min at room temperature. The solution was

2.9.4. Cytopathic effect inhibition assay: incubation of cell
monolayer with the test compound after virus infection
The assay was carried out as reported above with the

further incubated 1 h at room temperature. The pH of so- following difference: first, the cell monolayer was in-
lution was maintained at pH 8.5 during the reaction. The fected with the virus. After 1 h incubation the unadsorbed

samples were then dialysed with SpectrafPBIWCO 500
against 11 of PBS for 24 h and finally filtered by a 022

virus was removed, the cell monolayers were washed with
PBS and then incubated with the test compound in MEM

membrane. The samples were assayed for antiviral activity for 48 h.

as described above.
2.9. Antiviral assays

2.9.1. Neutral red uptake assay

2.9.5. Virus yield inhibition assay

Quantification of HSV-1 inhibition was performed by a
virus yield inhibition assay according to the procedure re-
ported byGil-Fernandez et al. (1987and Aboudy et al.

Neutral red uptake assay was performed following (1994) Confluent cell monolayers in 96-well plates were

a similar procedure as described Borenfreund and
Puerner (1985)Briefly, 48 h after infection the mainte-

treated with the compounds before, during and after virus
infection as described above. After 24 h incubation @7

nance medium was removed and the cells were incubated5% CQ, the plates were frozen and thawed three times. Con-

for 3h with MEM containing 5qug/ml neutral red (Fluka)
(200ul/well). The cells were then washed and fixed with
200p.l of 4% formaldehyde and 1% Cag£IThe neutral red
was extracted by 2001 1% acetic acid in 50% ethanol and

fluent cell monolayers, grown in 24-well plates (Nunc), were
inoculated with 10-fold dilutions of the supernatants for 1 h
at 37°C and 5% CQ. After removal of the inoculum, mono-

layers were washed once with PBS and overlaid with MEM

the absorbance was measured at 550 nm in a MR710 Dynatsupplemented with 0.8% carboxy methyl cellulose (Fluka),
ech Microplat®-Reader. The percent protection achieved 2% FCS, 100 U/ml penicillin and 1Q0g/ml streptomycin
by the compounds in the infected cells was calculated asand incubated at 37C and 5% CQ for 3 days. Methylcellu-

described byPauwels et al. (1988fach sample was tested
in triplicate.

2.9.2. Cytopathic effect inhibition assay: preincubation of

lose medium was then removed, monolayers were fixed with
methanol, stained with 0.5% crystal violet and the plaque
number was counted. Results were expressed as percentage
of plaque inhibition by comparison with untreated control

cell monolayer with the test compound before virus infection cell monolayers. E€ and EGg, the concentrations needed
Test compounds were dissolved in MEM and incubated to achieve 50 and 90% of plaque reduction compared to un-

with confluent cell monolayers in 96-well tissue culture
plates (Nunc) in increasing concentrations from j0g2ml
to 2mg/ml for 24h at 37C and 5% CQ. After re-

treated infected cell monolayers, were determined directly
from the curves obtained by plotting the inhibition of the
virus yield against the concentration of the samples. Data
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presented are results of repeated experiments performed in
triplicate.

2.10. Cytotoxicity

ODss50nm

Confluent Vero76 cell monolayers grown in 96-well cell
culture plates were incubated with two-fold serial dilutions
of the test compounds—starting with a concentration of 0.0 o2 3 20 200 2000
30ug/ml to 8 mg/ml—for 48 h at 37C and 5% CGQ. At this ' .
time the cell viability was evaluated by neutral red uptake (A) concentration (ug/mi)
assay and light microscopy. The percent cell survival was

calculated as the ratio of treated uninfected cells/untreated
uninfected cells and expressed as a percentage. These val- e 069
ues were plotted against the concentrations of the test com- S
pound. The concentration needed to cause 50% cytotoxicity S o
(CCsp) was determined graphicallpysi et al., 199). Each o 0.2
sample was tested in triplicate. o
0.0 ; : : ;
0.2 2 20 200 2000
3. Results (B) concentration (pg/ml)

3.1. Antiviral activity

3.1.1. Cytopathic effect inhibition assay

The inhibition of the cytopathic effect by the native and
chemically modified proteins was evaluated before, during
or after virus infection. Albuming-lactalbumin -lactoglo-
bulin and lysozyme did not show any antiviral activity
either against HSV-1 or against PIV-3 and PRCV, re- 0.0 . , . ,
spectively. In contrast, the modified proteins, i.e. 3-HP- 02 2 20 200 2000
albumin, 3-HPe-lactalbumin, 3-HPB-lactoglobulin and ©) concentration (ug/ml)
3_HP_IySOZyr.ne’ showed antiviral activity against HS.V_l’ Fig. 1. Effect of increasing concentrations of 3-i3Ractoglobulin on
bu_t not against PIVT3 and PRCV. 3-Hplactoglobulin the viability of HSV-1 infected M) and uninfected [(J) Vero76 cells
(Fig. 1), 3-HP-albumin and 3-HP-lysozyme (not shown) iy the neutral red uptake assay. The multiplicity of infection was 0.1.
inhibited the cytopathic effect of HSV-1 in all three experi- 3-HPB-lactoglobulin was present in the assay before (A), during (B)
ments, i.e. when present befofed. 1A), during Fig. 1B), or after (C) HSV-1 infection. The inhibition of the cytopathic effect is
o after the nfecionii. 10). 3 HPaclactalbumin showsd S bW, o ghes Jec 1 el o
:;r;/lgrabrer}g]rl;nlarl:flencr::gglOlehvé?GGQSITﬁgbli:]elglt\llg;hvflges Zﬁgght ?r:(is in logo units. Tr_]e data represent mean valdeS.E. for at least

’ ree separate experiments.

when the compound was present during or after infection
(data not shown).

ODss50nm

infection. Pre-incubation of cells with 3-HP-albumin
3.1.2. Antiviral activity of the modified proteins as and 3-HP-lysozyme inhibited almost completely the
measured by reduction in virus yield virus yield at a concentration of 1mg/mIFig. 2A).

The antiviral activity of the modified proteins against 3-HP--lactoglobulin reduced the virus yield almost com-

HSV-1 was quantified by determining the virus yield 24h pletely at a concentration of 2 mg/ml. 3-HRkactalbumin
post infection in treated and untreated Vero76 cells. Testinhibited the HSV-1 yield by 50% only when assayed at
compounds were present before, during or after the infec- this concentration.
tion step. All modified proteins afforded potent inhibition of The EGg value for 3-HPe-lactalbumin was not deter-
HSV-1 replication Fig. 2, Table 1. mined because it did not yield a complete inhibition of

the virus multiplication, when assayed at a concentration of
3.1.2.1. Presence of the modified proteins before HSV-12 mg/ml. The EGg values determined for the 3-HP-proteins
infection. In attempts to find out whether pre-treatment ranged between 1Q0gy/ml for 3-HP-albumin and 46@g/ml
of the cells with the modified proteins resulted in an in- for 3-HP-lactoglobulin, whereas Efg values ranged be-
hibition of virus yield, cultures were incubated for 24h tween 59Qug/ml for 3-HP-lysozyme and 18Q0g/ml for
with the test compounds which were then removed before 3-HP{3-lactoglobulin {Table ).
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Table 1
Antiviral activity of 3-HP-modified proteins against HSV-1, as monitored by the cytopathic effect assay
3-HP proteins C6o? (mg/ml) EGso® (g/ml) EGoo¢ (ng/ml) Sl

A B C A B C A B C
3-HP--lactalbumin >8 nd 65 160 nd 1000 670 nd >123 >50
3-HP{3-lactoglobulin >8 465 30 30 1800 80 120 >17 >267 >267
3-HP-albumin >8 100 18 14 830 100 75 >80 >444 >570
3-HP-lysozyme 5 170 14 6 590 65 50 29 357 833

Sl: selectivity index (S CCso/[ECsp). A: 3-HP compounds were present before HSV-1 infection of the cell monolayer; B: 3-HP compounds were
present during HSV-1 infection of the cell monolayer; C: 3-HP compounds were present after HSV-1 infection of the cell monolayer; nd: not determined.
aCGCsp: concentration of the compound which reduces cell viability by 50%.
b ECs0: concentration of the compound which reduces the yield of HSV-1 by 50%.
CECqgo: concentration of the compound which reduces the yield of HSV-1 by 90%.

3.1.2.2. Presence of the modified proteins during the in- 3.3. Antiviral activity of the peptide fragments derived
fection. All compounds proved to be potent inhibitors of from the proteolytic digestion of albumia;lactalbumin,
HSV-1 multiplication. The titration curves of the antiviral g-lactoglobulin and lysozyme

activity of the compounds investigate&ig. 2B) showed . . o .

a similar slope. 3-HRv-lactalbumin was less effective at Antiviral activity determinations of the pools derived

low concentrations compared to the other 3-HP-proteins; from the proteolytic diges_tion of the proteins albumin,
however, when assayed at a concentration of 2 mg/ml, all a-lactalbumin B-lactoglobulin and lysozyme tested by neu-

3-HP-proteins inhibited completely the activity of HSv-1. tral red uptake assay, were performed against HSV-1 only.
3-HP-albumin, 3-HR-lactoglobulin, and 3-HP-lysozyme . . .
caused a distinct reduction of the virus yield already at a 3-3-1- Antiviral activity of the tryptic fragments
concentration of 2Q.g/ml. 3-HP-lysozyme, although toxic Proteolytic digestion of albumiry-lactalbumin,-lacto-
to the Vero cells, was the most potent inhibitor with an 9l0bulin and lysozyme by trypsin resulted in a mixture of
ECso value of 14ug/ml, whereas 3-HRelactalbumin was several fragments that could be partlally separated by re-
the weakest inhibitor with an Eg of 65ug/ml. The EGo versed phase chromatography. The elut_|on dlagrams_ of the
values ranged between §/ml for 3-HP-lysozyme and reversed phase _chromatography thhe d|geste_d_prote|ns with
1000p.g/ml for 3-HP«w-lactalbumin Table J). the pooled fractions are shown kig. 3. The antiviral tests
were performed assaying the pools before, during or after
3.1.2.3. Presence of the modified proteins after viral in- Viral infection of the cell monolayers. _
fection. In order to evaluate the antiviral activity after ~ Pre-incubation of the pools, derived from the tryptic
viral adsorption, 3-HP-proteins were incubated with the digestion of albumin a-lactalbumin, B-lactoglobulin and
infected cell monolayer 1h post infection for 24h. Re- lysozyme, with Vero cells before virus infection did not af-
sults are reported iable 1and shown inFig. 2C. All ford an inhibition of the cytopathic effect. When the pools
the 3-HP-proteins strongly inhibited viral multiplication Were simultanequsly incubated with the virus, an inhibition
when assayed at a concentration of 2 mg/ml. 3-HP-albumin, ©f the cytopathic effect was observed only with pool VI
3-HPB-lactoglobulin and 3-HP-lysozyme inhibited the derived from albumin (70% cell protection) and pool IX
virus production already at concentrations of p2giml. from a-lactal_bumm (90%_cel| protection). However, these
3-HP-lysozyme was the most potent inhibitor with ansgC ~ POOIS were highly cytotoxic because only 10% of Vero cells
value of 6ug/ml, whereas 3-HR-lactalbumin was the survived upon a 48-h incubation. Antiviral activity c_:ouId be
weakest inhibitor with an Eg value of 16Qug/ml. The obser\{ed fqr aImpst all the pools when they were incubated
ECgo values ranged between p@/ml for 3-HP-lysozyme after virus infection. Only pools | and V derived from the

and 67Qug/ml for 3-HP«-lactalbumin Table 1. tryptic digestion of albumin did not show any antiviral ac-
tivity, whereas pools lI-IV and VI weakly inhibited HSV-1
3.2. Cytotoxicity multiplication. Pool VI which had the property to inhibit

the cytopathic effect of HSV-1, when assayed in presence
Of all the 3-HP-proteins investigated for antiviral ac- of virus and after viral infection, was strongly cytotoxic.

tivity only 3-HP-lysozyme showed a cytotoxic effect on Pools II, 1ll and VI resulting from the digestion of
Vero76 cells after 48h incubation. The gfvalue of a-lactalbumin by trypsin were moderately active against
3-HP-lysozyme determined by neutral red uptake assay wasHSV-1 and cytotoxic for Vero cells. All the other pools were
5mg/ml, whereas the other compounds did not cause anyineffective in inhibiting the cytopathic effect of HSV-1.
cytotoxic effects at a concentration up to 8 mg/idlfle 1. Antiviral activity from the B-lactoglobulin fragments
The selectivity index values ranged between 50 for could be detected only in pools Il and Ill, and were linked
3-HP-a-lactalbumin and 833 for lysozyme. to high grade of toxicity for Vero cells.
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Pools I-1V derived from the digestion of lysozyme with
trypsin were not active against HSV-1.

3.3.2. Antiviral activity of the chymotryptic fragments
Albumin, a-lactalbumin, B-lactoglobulin and lysozyme

A. Oevermann et al./Antiviral Research 59 (2003) 23-33

No chemically modified pools derived from the digestion
of albumin, a-lactalbumin, B-lactoglobulin and lysozyme
with trypsin, chymotrypsin or pepsin showed any antiviral
activity when incubated with the cell monolayer before virus
infection.

digested by chymotrypsin were fractionated by reversed Almost all the pools were ineffective or only weakly
phase chromatography on a Nucleosil 120-10C18 (not active when present during virus infection. In the case of
shown). Antiviral activity against HSV-1 could be revealed 3-HP-modified pools derived from tryptic digestion cell
only when the pools were added after virus infection of the protection ranged from 15 to 40%. Among the 3-HP-pools
cell monolayer. The pools assayed either before or during derived from chymotryptic digestion a weak antiherpetic

virus infection did not show any antiherpetic activity.
Antiviral activity of fragments derived from the albu-

activity was only detected in two pools derived from
a-lactalbumin. All 3-HP-pools derived from peptic diges-

min digestion by chymotrypsin could be observed in two tion were devoid of any antiherpetic effect (data not shown).

pools; however, they were toxic for Vero cells. Almost
all pools obtained from the chymotryptic digestion of
a-lactalbumin inhibited the viral replication only partially

Most of the pools showed an antiherpetic effect when as-
sayed after virus infection. In the case of 3-HP-pools de-
rived from tryptic digestion cell protection ranged from 10

and showed moderate cytotoxic effect on Vero cells. Similar to 50% (pool IV and pool IX fromx-lactalbumin, respec-
results were obtained from the chymotryptic fragments of tively). However, all the pools with some inhibitory effect
B-lactoglobulin. Three of the seven pools derived from the toward HSV-1 were also toxic for the Vero cells.

chymotryptic digestion of lysozyme showed antiherpetic

activity linked with a moderate cytotoxicity for Vero cells.
The other pools did not show any antiviral activity.

3.3.3. Antiviral activity of the peptic fragments
Peptic digestion of albuming-lactalbumin,B-lactoglo-

All 3-HP-pools derived from chymotryptic digestion of
lysozyme inhibited the cytophatic effect of HSV-1. In con-
trast, the 3-HP-pools derived from chymotrypsin digestion
of the other proteins were either inactive or only weakly ac-
tive against HSV-1. The cell protection ranged from 10 to
60%. However, all pools were toxic for Vero cells (data not

bulin and lysozyme resulted in several peptide fragments shown).
which could be resolved by reversed phase chromatography The 3-HP-pools derived from peptic digestion of albu-

(not shown). All pools showed antiviral activity only when

min and lysozyme showed only weak or no antiviral activ-

added after viral infection of the Vero cells monolayer. They ity at all. Cell protection by pools from-lactalbumin and

failed to inhibit the cytopathic effect when present in the
assay before or during virus infection. Only two of the four

pools obtained from the peptic digestion of albumin inhibited

weakly the viral replication when added after viral infection;

B-lactoglobulin ranged from 10 to 30% (data not shown).

4, Discussion

however, they showed at the same time a moderate cytotoxic

effect on Vero cells.

Inhibitory activity of the fragments generated by peptic
digestion ofa-lactalbumin against HSV-1 was present in al-
most all the pools. Only one of them lacked antiviral activity.
The active pools were slightly cytotoxic towards Vero cells.

All the pools obtained from the peptic digestion of
B-lactoglobulin showed HSV-1 inhibition. However, they
all were cytotoxic for the Vero cells.

Only one pool obtained by digestion of lysozyme by

The present study shows that 3-HP-modified proteins
strongly inhibited the multiplication of HSV-1, and thus
confirms that the introduction of hydrophobic and nega-
tively charged residues in the polypeptide chain is a useful
procedure to confer antiviral activity to a protein.

However, the fact that 3-HP-modified proteins failed to in-
hibit PIV-3 and PRCV, both enveloped viruses like HSV-1,
indicates that unspecific damage of the virus envelope,
caused by hydrophobic and electronegative interaction be-

pepsin presented a weak antiherpetic activity, combined, tween the 3-HP-proteins and envelope proteins, is unlikely.

however, with cytotoxicity.

3.4. Antiviral activity of the peptide fragments derived
from the proteolytic digestion of albumia;lactalbumin,
B-lactoglobulin and lysozyme after chemical modification
by 3-HP

The native proteins and the chemical compound 3-HP alone
did not show any antiviral activity against the virus investi-
gated, indicating that the inhibition of the cytopathic effect
of HSV-1 was a peculiar property of the modified proteins.
3-HP-proteins were able not only to inhibit the initiation
and the spread of infection but they also had a protective
effect on the cells rendering them resistant to virus in-

The compounds present in the pools derived from the pro- fection. However, when the cells were preincubated with
teolytic digestion of the proteins were chemically modified the 3-HP-proteins, a clear reduction of the viral multipli-

by 3-hydroxyphthalic anhydride as describedSection 2
The antiviral activity of the chemically modified pools was
investigated against HSV-1 only.

cation could only be detected with higher concentrations
than when assayed during or after virus infection. The
most effective 3-HP-protein to prevent viral infection of
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the cell was 3-HP-albumin, whereas the least effective wasral activity are present in the proteins investigated. Many of
3-HP--lactalbumin. For the latter protein, while it did the pools tested were able to limit the virus spread after in-
not inhibit completely HSV-1 at the maximal concentra- fection of Vero cells by HSV-1. However, most of the pools

tion used in the assay, the EfCand EGQg values were not  were toxic to different extents for Vero cells when incubated
determined. for 48 h.

All the 3-HP-proteins inhibited efficiently the infection The importance of the presence of 3-HP-lysine in the
of Vero cells when present during infection with HSV-1, peptide sequence for antiherpetic activity, as reported by
that is at the stages of adsorption and the penetration of theNeurath et al. (1998)has been confirmed extensively in
virion particles into the cells. Several viral glycoproteins the present study. We, therefore, wanted to know whether
such as gB, gC, gD and the corresponding receptors presenthe chemical modification of the lysine residues by 3-HP
in the cell membrane are responsible for adsorption andwould lead to an increase in the antiviral activity of peptide
penetration\(VuDunn and Spear, 1989; Herold et al., 1991; fragments generated by proteolytic digestion. 3-HP-proteins
Shieh et al., 1992; Trybala et al., 1994; Marchetti et al., and 3-HP-peptides are instable and precipitate at an acidic
1996; Cocchietal., 20Q1This mightimply thatthe antiviral ~ pH. This makes their purification by reversed phase chro-
activity of the 3-HP-proteins, when present during infection, matography impossible, since this procedure is performed
is based on an interaction of the compounds with such viral at an acidic pH. Thus, we decided to not directly digest
glycoproteins. This is supported by the fact that the binding the 3-HP-proteins, but to chemically modify peptide frag-
of anti-gC monoclonal antibodies to HSV-1 is inhibited by ments present in the pools. Most of the 3-HP modified pools
3-HPB-lactoglobulin (Neurath et al., 1998 showed antiherpetic activity when present after the infection

Virus replication was, in addition, efficiently inhibited af- of the Vero cells and several of them were able to block the
ter infection of the cells. This might, on one hand, be due to multiplication of the virus. However, all the 3-HP-pools ex-
the cell damage caused by viral multiplication that allows amined were toxic for Vero cells to different extent. Since
the compound to penetrate into the cell. Such a mechanismat the present stage of our research the single peptides of
has been postulated for cystatin ®jdrk et al., 1990. On the pools with antiherpetic activity have not been isolated,
the other hand, the binding of the modified proteins to the it is not possible to say with certainty whether antiviral ac-
viral envelope glycoproteins could be taken as a basis to ex-tivity and toxic effects are due to the same molecule or to
plain an inhibition at the intercellular or extracellular level. two separate entities.

In fact 3-HPg-lactoglobulin binds to the glycoprotein E In conclusion, our results confirm that the modification of
(Neurath et al., 1998which mediates, together with gl, the the lysine residues by 3-HP is a useful technology to develop
direct cell-to-cell transmission of HSV-D{ngwell et al., compounds with antiherpetic activity, and they show, more-

1994; Weeks et al., 199.7The blockage of gE would inhibit  over, that peptides with antiherpetic activity can be generated
the viral spread on the intercellular level. The binding of through proteolytic digestion of proteins. Short peptides with
the modified proteins to glycoproteins gB, gC and/or gD of antiviral activity are of particular interest because synthetic
the virions, which are released from cells after a first repli- peptides have a low production cost and a reduced antigenic-
cation cycle, could give an explanation for an extracellular ity, which consequently limits possible hypersensitivity.
inhibition.

Negative charge and hydrophobic interaction between
antiviral compounds and virus envelope proteins have Acknowledgements
been suggested as a possible active principle for antivi-
ral activity (Neurath et al., 1995 Chemical targets of We are grateful to Mrs Eva Loepfe for her kind and skilful

the 3-HP are the positively charged lysine residues of the assistance and collaboration during the initial phase of this
polypeptide chain, which, after chemical reaction with work.

3-HP, becomes negatively charged. 3-HP-albumin, with its
59 negatively charged 3-HP-lysine residues, was the pro-
tein with the highest antiviral activity. 3-HR-lactalbumin
possessing 12 modified lysine residues was five times
less active than 3-HB-lactoglobulin, which has 15 ly-
sine residues, when assayed after viral infection of Vero
cells. Lysozyme having half of the lysine residues of
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