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The mode of action of a new type of UDP-glucose analog against herpes simplex virus type 1 (HSV-1)
replication was examined. The analog showed good selectivity and potent activity. At 10 ,ug/ml, P-536 inhibited
the formation of infectious HSV-1 by more than 90%, whereas at 100 ,ug/ml it had no cytotoxic effects, as

evidenced by phase-contrast microscopy. P-536 showed a wide spectrum of action and was active against
HSV-1, adenovirus type 5, vaccinia virus, poliovirus type 1, encephalomyocarditis virus, vesicular stomatitis
virus, influenza virus, and measles virus, irrespective of whether these viruses have lipidic envelopes or not.
P-536 clearly inhibited protein glycosylation if added at the time when late viral proteins were being
synthesized. Moreover, it also interfered with the synthesis of nucleic acids and the phosphorylation of
nucleosides. If P-536 was present from the beginning of infection, HSV-1 replication was blocked at an early
step and the infected cells continued to synthesize cellular proteins for long periods.

Most of the compounds that exert antiherpesvirus activity
are nucleoside analogs that interfere with the synthesis of
nucleic acids (5, 12, 18). The most active members owe their
selectivity to the fact that they are not recognized by cellular
enzymes and are activated by the herpes simplex virus
(HSV)-coded thymidine kinase (TK) (5, 12, 18). Moreover,
they are preferentially incorporated into the viral nucleic
acids, because they are recognized as substrates by the viral
polymerases (5, 12, 18). Since their antiviral activity depends
on the presence of specific viral enzymes, they cannot be
broad-spectrum antiviral agents and act on viruses that
belong to families phylogenetically distant. Viral mutants
readily arise upon treatment with a given nucleoside analog
(4). Therefore, more-selective inhibitors that block different
steps of viral replication are needed (7). Compounds that
block the glycosylation of proteins have been considered as
potential antiviral agents (8). However, most, if not all,
known glycosylation inhibitors show little selectivity and
have low activity against viral infections (1, 5, 12, 18). For
instance, millimolar concentrations of 2-deoxy-glucose are
needed to block HSV type 1 (HSV-1) replication (1, 13, 15).
The glycosylation of proteins is a complex process, in-

volving the activation of sugars to the corresponding sugar-
nucleotides, which in turn are added sequentially to an
oligosaccharide-lipid molecule (8, 14). Once formed, the
oligosaccharide is transferred en bloc to the peptide moiety
(8, 14). A new series of activated sugar-nucleotide analogs
was recently devised (2). Some of them proved to be
potential antiviral agents, with marked selectivity against
viral replication (2). In this report, we describe the mode of
action against HSV-1 replication of one of the most active
compounds in this series, namely, 5'-O-[[[[(2",3",4",6"-tetra-
O - benzoyl - at - D - glycopyranosyl)oxy]carbonyl]amino]sui -
fonyl]uridine (P-536).

MATERIALS AND METHODS
Cells and viruses. HeLa cells were grown in Dulbecco

modified Eagle medium (GIBCO Laboratories) supple-

* Corresponding author.

mented with 3.7 g of NaHCO3 per liter, 0.11 g of sodium
pyruvate per liter, 5 x 105 IU of streptomycin (Serva) per
liter, 5 x 105 IU of penicillin (Calbiochem-Behring) per liter,
0.2 mg ofp-hydroxybenzoic acid n-butyl ester (Sigma Chem-
ical Co.) per liter, and 10% newborn calf serum (GIBCO).
The maintenance medium contained only 2% newborn calf
serum. HSV-1 strain KOS and measles virus were grown in
African green monkey cells (Vero cells). Adenovirus type 5,
poliovirus type 1, and vaccinia virus were grown in HeLa
cells. Encephalomyocarditis virus was grown in mouse
fibroblast cells (L929). Vesicular stomatitis virus was grown
in baby hamster kidney cells (BHK-21). Influenza virus was
grown in canine kidney cells (MDCK). These viruses were
purchased from the American Type Culture Collection,
Rockville, Md., except as follows. HSV-1 was generously
given by E. de Clercq, Louvain, Belgium; vaccinia virus was
given by M. Esteban, New York, N.Y.; and influenza virus
was given by J. Ortin, Madrid, Spain.

Estimation of cytopathic elTect. Monolayers of HeLa cells
were infected with virus at a multiplicity of 0.5 PFU per cell
in the presence or absence of P-536. After incubation for 24
or 48 h, the cell monolayer was observed by using a
phase-contrast microscope. The level of translation was also
determined by 1 h of incubation with 1 ,uCi of [35S]methi-
onine (1,100 Ci/mmol; Radiochemical Center, Amersham,
United Kingdom) per ml. The trichloroacetic acid-precipit-
able radioactivity was measured in an Intertechnique scin-
tillation counter.
Measurement of production of HSV-1 infectious units.

Monolayers of HeLa cells were infected with HSV-1 at a
multiplicity of 0.5 to analyze the reduction of infectious
units. The infected cells were collected at 48 h postinfection
(p.i.). When appropriate, P-536 was added at the beginning
of infection. The infectious viruses produced were estimated
by the standard plaque assay.

Analysis of proteins by polyacrylamide gel electrophoresis.
After incubation of the cells in medium without methionine
in the presence of 5 pCi of [35S]methionine per ml for the
period of time indicated in each experiment, the medium was
removed, and the cell monolayer was washed with 1 ml of
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FIG. 1. Antiherpesvirus and anticellular effects of P-536. (A) HeLa cells grown in 24-well Linbro dishes were mock infected or infected

with HSV-1 at a multiplicity of infection of 0.4 PFU per cell in the presence of the indicated concentrations of P-536. The cytopathic effect
was recorded after 48 h in mock-infected cells and in HSV-1-infected cells (A). Protein synthesis in mock-infected cells (0) or HSV-1-infected
cells (0) was determined as described in Materials and Methods. (B) Inhibition of HSV-1 PFU formation by P-536. HeLa cells infected with
HSV-1 (0.4 PFU per cell) were incubated with the indicated amounts of P-536. After 48 h of incubation, the PFU were estimated by the
standard plaque assay formation. (C) Inhibition of cell proliferation by P-536. HeLa cells were seeded at a concentration of 3 x 104 per well.
They were then either infected (0) or mock infected (0) with HSV-1 and incubated in the presence of various amounts of P-536 as indicated.
After 6 days of incubation, the cells were detached from the plate and counted.

saline phosphate buffer. The cells were dissolved in 0.1 ml of
sample buffer (62.5 mM Tris [pH 6.8], 2% sodium dodecyl
sulfate, 0.1 M dithiothreitol, 17% glycerol). Each sample was
sonicated to reduce viscosity and heated to 90°C for 5 min.
Samples (7 ,ul each) were analyzed by polyacrylamide gel
electrophoresis with 15% acrylamide gels. The 15-cm-long
polyacrylamide gels were run overnight at 30 V, and fluoro-
graphy was done with 2,5-diphenyloxazole-dimethyl sulf-
oxide (20%, wt/wt). The dried gels were exposed by using
XS-5 X-ray films (Eastman Kodak Co.).

Analysis of glycoproteins. Cells were incubated for the
period of time indicated in each experiment in glucose-free
medium supplemented with 10 mM sodium pyruvate in the
presence of 10 ,uCi of D-[6-3H]glucosamine (35 Ci/mmol;
Radiochemical Centre) per ml and without serum. Labeling
and sample preparation for electrophoresis were done as
described above.
RNA isolation and analysis. HeLa cells were grown in

100-mm dishes and infected with HSV-1 at 30 PFU per cell.
After 8 h of infection, the cells were lysed in buffer contain-
ing 10 mM Tris hydrochloride (pH 7.8), 1 mM EDTA, 150
mM NaCl, and 0.65% Nonidet P-40. Cell extracts were
treated with proteinase K and DNase I and phenol extracted,
and the RNA was precipitated with ethanol (6). Dot blot
analysis with the 32P-labeled nick-translated HSV-1 TK gene
(a kind gift of E. Tabards, Madrid, Spain) was performed as
previously indicated (16).
DNA isolation and analysis. HeLa cells were infected with

HSV-1 at a multiplicity of 30 PFU per cell. At 16 h p.i., the
cells were collected from the 60-mm dishes and the DNA
was isolated as previously described (10). Twofold dilutions
of total DNA were spotted onto a nitrocellulose paper and
hybridized to the 32P-labeled HSV-1 TK probe.

Analysis of [3H]thymidine nucleotides by thin-layer chroma-
tography. The [3H]thymidine nucleosides and nucleotides
present in the cellular pool were extracted with 1 N formic

acid and analyzed by thin-layer chromatography on poly-
ethyleneimine-cellulose. For this purpose, the cells were
incubated with 20 ,uCi of [3H]thymidine per ml (20 Ci/mmol)
for 5 min, and after repeated washing with cold phosphate-
buffered saline, 100 ,ul of 1 N formic acid was added. The
radioactive samples were mixed with cold thymidine, dTTP,
dTDP, and dTMP at final concentrations of 1 mM each.
Aliquots of 10 IlI were applied to polyethyleneimine-cellu-
lose thin layers and chromatographed in 0.75 M Tris-0.45 N
HCI. The nucleotides were visualized by UV light, and the
radioactivity of eluted chromatogram spots was measured in
an Intertechnique scintillation counter.

RESULTS

The addition of P-536 at concentrations that were nontoxic
for culture HeLa cells prevented the replication of HSV-1,
as evidenced by the protection of the cell monolayer (Fig.
1A). P-536 produced a potent blockade ofHSV-1 replication,
inhibiting the production of infectious HSV-1 approximately
1 log when added at 10 ,ug/ml (10-5 M) and 3 logs at 50 jig/
ml (Fig. 1B). At these concentrations, there were no toxic
effects for cultured cells, as observed by phase-contrast
microscopy, although a slight reduction in cell number
occurred (Fig. 1C). Furthermore, the uninfected cells syn-
thesized proteins at control levels (Fig. 1A), and cellular
proliferation was inhibited less than one-half log1o by 150 ,ug
of P-536 per ml. Moreover, the HSV-1-infected cells prolif-
erated to some extent in the presence of 100 to 150 ,ig of
P-536 per ml (Fig. 1C). However, P-536 had no direct
virucidal effect against HSV-1 (results not shown). These
results suggest that P-536 has selective antiviral activity,
since it blocks viral replication at concentrations well below
those which exert cytotoxic and antiproliferative effects.
The spectrum of action of P-536 indicates that, in addition

to HSV-1, it is active against other DNA-containing viruses,
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TABLE 1. Antiviral spectrum of action of P-536

Virus Family CPE50 (~Lg/ml)a

HSV-1 Herpesviridae 30
Adenovirus type 5 Adenoviridae 20
Vaccinia virus Poxviridae 70
Poliovirus type 1 Picornaviridae 30
Encephalomyocarditis virus Picornaviridae 30
Vesicular stomatitis virus Rhabdoviridae 100
Influenza A virus Orthomyxoviridae 100
Measles virus Paramyxoviridae 100

a CPE50, Concentration of P-536 that conferred 50% protection of cytopa-
thic effect. The estimation of the cytopathic effect was done as described in
Materials and Methods. HeLa cells were used for all viruses except influenza
virus, which was grown in MDCK cells.

such as adenovirus type 5 and vaccinia virus. It was also
active against some RNA viruses, such as poliovirus and
encephalomyocarditis virus, and was a poorer inhibitor of
vesicular stomatitis, influenza, and measles virus replication
(Table 1).

Since P-536 was originally designed as an analog of an
activated sugar-nucleotide, we tested its effects on protein
synthesis and protein glycosylation in HSV-1-infected HeLa
cells. As shown in Fig. 2, if P-536 was added from the
beginning of HSV-1 infection, it blocked the appearance of
viral proteins, and only cellular polypeptides were synthe-
sized even by 11 h p.i. However, if P-536 was added 5 h p.i.,
it had no effect on protein synthesis at a concentration of 100
,ug/ml. On the other hand, the glycosylation of viral proteins,
as measured by the incorporation of radioactive sugars into
protein, was clearly blocked by P-536 at 50 ,ug/ml (Fig. 3).
The inhibition of the incorporation of mannose and galactose

P536 (tOO pg/mI)
CONTROL O hp.i 5hp.i

h p.i 1 5 7 9 11 1 5 7 9 11 7 9 11-_
- 151
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- 60
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FIG. 2. Effect of P-536 on HSV-1 protein synthesis. HeLa cells

were infected with HSV-1 (10 PFU per cell) and treated with 100 R.g
of P-536 per ml from the beginning of infection or 5 h p.i. Proteins
were labeled with [31 S]methionine at the indicated hour p.i. The
numbers on the right are Mrs of some polypeptides.

MET GLUC MAN GAL M GI Ma Gal
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FIG. 3. Effects of P-536 on protein synthesis and protein glyco-
sylation in HSV-1-infected HeLa cells. The infected cells (10 PFU
per cell) were incubated for 14 h. Afterwards, the medium was
removed and the cells were labeled for 2 h in the absence or
presence of 100 p.g of P-536 per ml with [35S]methionine,
[3H]glucosamine, [3H]mannose, or [3H]galactosamine. The proteins
synthesized were analyzed as described in Materials and Methods.
The arrows indicate the HSV-1 glycoproteins.

was much more potent than that observed for glucosamine.
These findings indicate that P-536 selectively interfered with
protein glycosylation, whereas it had less effect on protein
synthesis itself.
To analyze the effect of P-536 on viral RNA and DNA

synthesis in HSV-1-infected HeLa cells, the RNA was
extracted 8 h p.i. and hybridized to a radioactive probe
containing the HSV-1 TK gene (Fig. 4). P-536 at 100 p.g/ml

H
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FIG. 4. Effect of P-536 on HSV-1 nucleic acid synthesis. HeLa
cells were infected with HSV-1 (30 PFU per cell) in the presence of
the indicated concentrations of compound. RNA was purified at 8 h
p.i., and DNA was purified at 16 h p.i. Twofold dilutions were
hybridized with the HSV-1 TK probe as described in Materials and
Methods.
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FIG. 5. Effect of P-536 on formation of thymidine nucleotides.

HeLa cells infected with HSV-1 (10 PFU per cell) were incubated
with [3H]thymidine for 5 min in the presence or absence of P-536,
after which the nucleotides present in the pool were extracted and
analyzed by polyethyleneimine-cellulose as indicated in Materials
and Methods. 0, Untreated cells; 0, cells treated with 100 ,ug of
P-536 per ml. TIP, TMP, and T indicate the running positions of
TTP, TMP, and thymidine, respectively.

totally blocked the appearance of this viral mRNA. On the
other hand, DNA was also extracted from the infected cells
and hybridized to the same probe. In the presence of P-536,
there was some hybridization, perhaps corresponding to the
input viral DNA.

Finally, to test the action of P-536 on the phosphorylation
of [3H]thymidine, HSV-1-infected cells were incubated for 5
min with [3H]thymidine in the presence or absence of 100 ,ug
of P-536 per ml. The nucleotide pool was extracted and
analyzed by thin-layer chromatography on polyethylenei-
mine-cellulose. As indicated in Fig. 5, almost no dTMP was
detected in the presence of P-536, suggesting that the step
catalyzed by the TK was also blocked by P-536.

DISCUSSION

The recent development of new nucleoside analogs, such
as acyclovir and bromovinyldeoxyuridine, that show potent
activity and great selectivity against herpesvirus replication
gave rise to the so-called second-generation antiviral com-

pounds (5). One disadvantage of these agents is their re-
stricted action against only some members of the herpesvi-
ruses (5, 12, 18). Since these compounds are incorporated
into nucleic acids, their long-term side effects must still be
evaluated. Broad-spectrum antiviral agents are needed to
attack infections in which several viral etiological agents are

involved, i.e., upper respiratory tract diseases (18). In this
regard, the sugar-nucleotide analog used in this work dis-
played a rather wide spectrum of action. Moreover, since
this compound is not modified in the nucleoside moiety, no
risk should result from its hydrolysis and incorporation into
the cellular DNA.
As regards the mechanism of action of P-536, it is likely to

be rather complex, as is the case with many other nucleoside
analogs that block cellular metabolism in different steps (3).
It seems clear that P-536 interferes with the glycosylation of
viral proteins if it is added at the time when glycoproteins are

being actively synthesized. However, this compound also
blocks the phosphorylation of thymidine (and uridine; re-
sults not shown) and its incorporation into nucleic acids. It is

difficult to define which of the above-described steps is
directly responsible for the observed inhibition of viral
replication, but we can argue that the blockade of nucleic
acid synthesis must be crucial in this respect, because
inhibitors of glycosylation allow the synthesis of late herpes-
virus proteins to take place. Even new virions are formed in
the presence of tunicamycin or 2-deoxy-glucose, although
the lack of proper glycosylation of their proteins makes them
noninfectious (9, 13, 15, 17). It is also interesting to mention
the finding that the potent antiviral agent bromovinyldeoxy-
uridine, in addition to interfering with viral DNA synthesis,
blocks protein glycosylation (11). Therefore, these two an-
tiviral compounds may act in similar manners, inhibiting
viral DNA synthesis when added early in infection and the
formation of infectious virus progeny when added at a later
stage.
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