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b Laboratório de Nucleosı́deos, Departamento de Quı́mica Orgânica, Instituto de Quı́mica,
Universidade Federal Fluminense, Niterói, RJ, Brazil
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bstract

We describe in this paper that the synthetic chloroxoquinolinic ribonucleoside 6-chloro-1,4-dihydro-4-oxo-1-(�-d-ribofuranosyl) quinoline-3-
arboxylic acid (compound A) and its free aglycogene base (compound B) inhibit, with low cytotoxicity, the replication of herpes simplex virus type
and 2 (HSV-1 and HSV-2). Compound A inhibited HSV-1 replication in Vero cells with an EC50 of 1.3 and 1.4 �M for an acyclovir (ACV)-sensitive

train and an ACV-resistant strain of this virus, respectively. Additionally, it inhibited HSV-2 replication with an EC50 of 1.1 �M. Compound B
lso inhibited the ACV-sensitive and -resistant HSV-1 strains, and HSV-2 at EC values of 1.7, 1.9 and 1.6 �M, respectively. Time-of-addition
50

ssays, performed with compound A, suggested that this molecule at an early time point of the HSV replication cycle. Kinetic assays demonstrated
hat compounds A and B inhibit the HSV DNA polymerase activity in a noncompetitive fashion, with a Ki equal to 0.1 and 0.2 �M, respectively.
aken together, our results suggest that compounds A and B represent promising lead molecules for further anti-HSV drug design.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Herpes simplex virus types 1 and 2 (HSV-1 and HSV-2) are
ipid-enveloped DNA viruses whose replication has been well

haracterized (Boehmer and Lehman, 1997; Roizman and Sears,
996; Whitley, 1996). Among the most important HSV proteins,
he early enzymes thymidine kinase (TK) and HSV DNA poly-
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erase play a key role during viral replication, and thus, drugs
hat target these proteins can impair the viral replication cycle
Hayden, 2001; Naesens and De Clercq, 2001).

Herpesvirus and cellular DNA polymerases are classified
ccording to their sequences and functional homologies. The
iral and several eukaryotic polymerases, including human �
nd � polymerases, belong to the family of type B DNA poly-
erases (Braithwaite and Ito, 1993), since they share six to

even highly conserved domains, labeled I–VII, in decreasing
rder of conservation (Hwang et al., 1992). Additionally, her-

esvirus DNA polymerases also share an additional region with
uman � polymerase, the conserved domain C (Phillips, 2006;
rundy and Naylor, 1999). Therefore, the blockage of HSV
NA polymerase without inhibition of the cellular type B DNA

mailto:tmoreno@bioqmed.ufrj.br
dx.doi.org/10.1016/j.antiviral.2007.08.011
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olymerases is an important task.Among the antiviral drugs used
n the treatment of HSV-infected individuals, acyclovir (ACV)
nd its l-valyl ester prodrug, valacyclovir, have been consid-
red safe because they have been shown to cause minimal side
ffects. However, some ACV-resistant strains of HSV-1 have
merged, mainly from immunocompromised patients (Stránská
t al., 2005). These strains also present cross-resistance with
ther antivirals currently in use (Morfin and Thouvenot, 2003).
urthermore, these drugs can lead to renal failure when admin-

stered at high intravenous doses (Johnson et al., 1994; Lyon
t al., 2002) and, in some cases, they can lead to neurotox-
city (Johnson et al., 1994; Ernst and Franey, 1998). Other
ntiviral molecules that are in use clinically, such as penci-
lovir and its diacetyl ester prodrug famciclovir, are less potent
t inhibiting HSV-1 DNA polymerase (Hayden, 2001). More-
ver, ganciclovir is associated with neurotoxicity (Young, 2005),
one marrow suppression (Liu et al., 2004), and carcinogenicity
Wutzler and Thust, 2001). Foscarnet and other phosphonofor-
ate (PFA) analogs are associated with renal failure (Zanetta

t al., 1999). These drugs when administered for long peri-
ds (Hwang et al., 1992) can also lead to the emergence of
utant human DNA polymerases that are less efficient in their

ctivity. Altogether, these observations motivate the search for
ovel anti-herpesvirus molecules with low cytotoxicity and high
electivity.

Nucleoside analogs are a fruitful source of antiviral
olecules, and these derivatives often inhibit viral polymerases

uch as HSV DNA polymerase competitively (Naesens and
e Clercq, 2001). In parallel, it has been shown that quino-

inic acid derivatives are endowed with anti-herpetic activity
ue to their noncompetitive mechanism of action towards the
nzyme HSV-1 DNA polymerase (Wathen, 2002). As we have
ynthesized novel oxoquinolinic ribonucleosides (da Matta et
l., 1996, 1999), including the 6-chloro-1,4-dihydro-4-oxo-1-
�-d-ribofuranosyl) quinoline-3-carboxylic acid denominated
ompound A (Fig. 1) and its free base 6-chloro-1,4-dihydro-

-oxo-1H-quinoline-3-carboxylic acid, henceforward named
ompound B (Fig. 1), we investigated their ability to inhibit
SV replication in Vero cells. We found that compounds A

nd B inhibited the HSV DNA polymerase activity in a non-

ig. 1. The molecular structure of the chloroxoquinolinic derivative compound
(6-chloro-1,4-dihydro-4-oxo-1-(�-d-ribofuranosyl) quinoline-3-carboxylic

cid) and compound B (6-chloro-1,4-dihydro-4-oxo-1H-quinoline-3-carboxylic
cid).
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ompetitive fashion and thus impaired both HSV-1 and HSV-2
eplication.

. Materials and methods

.1. Reagents

The compounds 6-chloro-1,4-dihydro-4-oxo-1-(�-d-ribo-
uranosyl) quinoline-3-carboxylic acid and 6-chloro-1,4-
ihydro-4-oxo-1H-quinoline-3-carboxylic acid (compound A
nd B, respectively; Fig. 1) were synthesized as previously
escribed (da Matta et al., 1996, 1999). The HSV-1 inhibitor acy-
lovir (ACV), acyclovir triphosphate (ACV-TP) and the DNA
olymerase inhibitor aphidicolin were purchased from Sigma
hemical Co. (St. Louis, MO, USA), while the reverse tran-

criptase inhibitor 3′-azido-3′-deoxythymidine 5′-triphosphate
AZT-TP) was from Sierra Bioresearch (Tucson, AZ, USA).
ll inhibitors were dissolved in 100% dimethylsulfoxide

DMSO) and they were diluted in culture medium 104-fold
uring every assay, so that the final DMSO concentrations
howed no cytotoxicity. Materials for cell culture were pur-
hased from Gibco (Grand Island, NY, USA), unless otherwise
entioned.

.2. Cells and viruses

Vero cells (African green monkey kidney cells; ATCC,
anassas, VA, USA) were cultured in Dulbecco’s modified
agle’s medium (DMEM) supplemented with 5% fetal bovine
erum (FBS; HyClone, Logan, UT, USA), 100 U/mL penicillin
nd 100 �g/mL streptomycin, at 37 ◦C in 5% CO2. In order to
repare virus stocks, Vero cells were infected with HSV-1 [AR-
9 (Lagrota et al., 1994), KOS (Andrighetti-Fröhner et al., 2005)
train] or HSV-2 (strain VR734; ATCC, Manassas, VA, USA)
t a multiplicity of infection (MOI) equal to 0.1 for 1 h at 37 ◦C.
ext, residual viruses were washed out with phosphate-buffered

aline (PBS) and cells were cultured for an additional 48 h. After
his period, cells were lysed by three cycles of freezing and thaw-
ng, centrifuged at 1500 × g at 4 ◦C for 20 min to remove cellular
ebris, and the supernatant was collected, titered by plaque assay
nd stored at −70 ◦C for further studies.

.3. Cytotoxicity assay

Monolayers of 104 Vero cells in 96-multiwell plates were
reated with various concentrations of compound A or B for 72 h
nd then 50 �L of a 1 mg/mL solution of 3-(4,5-dimethylthiazol-
-yl)-2,5-diphenyl tetrazolium bromide (MTT; Sigma) was
issolved in DMEM without serum and was added to the cell
ulture. MTT was removed after 3 h, 50 �L of acid–isopropanol
0.04N HCl in isopropanol) was added and the optical density

OD) was read using an automatic plate reader with a 570 nm
est wavelength and a 690 nm reference wavelength (Mosmann,
983; Denizot and Lang, 1986). The 50% cytotoxic concentra-
ion (CC50) was calculated by linear regression analysis of the
ose–response curves generated from the data.
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.4. Plaque assay

Monolayers of Vero cells in six-well plates were exposed to
ifferent dilutions of the supernatant from yield-reduction assays
or 1 h at 37 ◦C. Next, cells were washed with PBS and DMEM
ontaining 5% FBS and 1% methylcellulose (Fluka) (overlay
edium) was added to cells. After 72 h at 37 ◦C, the monolayers
ere fixed with 10% formaldehyde in PBS and stained with a
.1% solution of crystal violet in 70% methanol, and the virus
iters were calculated by scoring the plaque-forming units (PFU).

Additionally, other experiments were performed in the format
f a plaque-reduction assay. In such a case various concentra-
ions of the compounds were added in the overlay medium and,
fter 72 h, cells were fixed and plaques counted.

.5. Yield-reduction assay

Monolayers of Vero cells (105) in 24-well plates were
nfected with HSV-1 (AR-29 or KOS strain) or HSV-2 (VR734
train) at an MOI equal to 5 for 1 h at 37 ◦C. Cells were washed
ith PBS to remove residual viruses and various concentrations
f the compound A or B in DMEM with 2% FBS were added.
fter 20 h, cells were lysed, cellular debris was cleared by cen-

rifugation, and virus titers in the supernatant were determined
y the plaque-forming assay using Vero cells, as described in
he previous item. For comparison, linear regression of the dose-
esponse curves for ACV was also performed to calculate EC50
alues. In addition, to determine the EC50 values for compound
towards different virus inputs, we also performed experiments

n which Vero cells were exposed to different MOIs of HSV-1
KOS strain) and exposed to increasing concentrations of this
ompound, as described above.

.6. Time-of-addition experiments

In order to analyze whether addition of compound A could be
elayed without loss of its ability to block HSV-1 replication,
nd to get insight about which step of the HSV-1 replication
ycle might be affected, we performed time-of-addition assays.
ero cells grown to confluence in six-well plates were infected
ith 500 PFU/well of HSV-1 (KOS strain) for 1 h, washed, and

ompound A was added at 3 �M (2× EC50) at different times
ost-infection (0, 2, 4, 6, 8, 10, 16, 18, 20 h) (Gong et al., 2002).
henever compound A was added, cells were also covered with

verlay medium, and after 72 h (p.i.) viral plaques were counted.
or comparison, assays using ACV at 2.5 �M (2× EC50) were
lso performed.

.7. Immunoblotting

To investigate whether compound A affects the synthesis of
n important protein of the IE phase, we performed immunoblot-
ing assays against a marker of this phase (Smith et al., 2005),

he infected cell protein 27 (ICP27), as previously described
Kuo et al., 2001). In brief, Vero cells (106 per well, six-well
lates) were infected with HSV-1 (KOS strain) at an MOI equal
o 5 for 1 h at 37 ◦C. Cells were washed and treated for 20 h

s
t
�
c
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ith compound A (3 �M) or ACV (2.5 �M). Next, cellular pro-
eins were extracted using buffer A (bromophenol blue, 0.2%;
-mercaptoethanol 0.5%; Tris–HCl, pH 6.8, 1 M; SDS, 10%;
lycerol, 1%) and 20 �g of the extracted proteins, or a series
f two-fold dilutions of such a material was separated on a 9%
crylamide SDS-PAGE gel. Then, proteins were transferred to
itrocellulose filters. Filters were blocked and incubated with
abbit polyclonal anti-ICP27 and anti-Actin antibodies (Santa
ruz Biotechnology Inc., Santa Cruz, CA, USA) for 1 h. Specific

eactive proteins were detected by the enhanced chemilumi-
escence method employing a goat anti-rabbit immunoglobulin
ntibody linked to horseradish peroxidase (Santa Cruz Biotech-
ology Inc.).

.8. Preparation of cellular and HSV-1 DNA polymerases

HSV-1 DNA polymerase was partially purified from HSV-
-infected Vero cells (Knopf, 1979). In brief, cells were
nfected with HSV-1 (KOS strain) at a MOI of 5 for 12 h,
ysed with buffer B (0.25 M potassium phosphate (pH 7.5),
0 mM 2-mercaptoethanol (2-ME), 1 mM EDTA, 0.5% Tri-
on X-100, 0.5 mM phenylmethane sulfonylfluoride (PMSF)
nd 20% glycerol), sonicated and centrifuged at 10,000 × g
or 10 min at 4 ◦C. The resulting supernatant was further cen-
rifuged at 100,000 × g for 90 min at 4 ◦C and the supernatant
as dialyzed against 10 mM potassium phosphate (pH 7.5)
ith 10 mM 2-ME, 1 mM EDTA and 20% glycerol. Subse-
uently, the resulting material was eluted in two ion-exchange
hromatography columns (DEAE-cellulose and phosphate-
ellulose) with a linear gradient of 0.02–0.5 mM potassium
hosphate. We also partially purified one of the cellular
ounterparts of HSV-1 DNA polymerase, the �-DNA poly-
erase. For this purpose, we used the same process described

bove with minor changes; we lysed uninfected Vero cells
nd used three DEAE-cellulose ion-exchange chromatography
olumns.

In order to analyze how pure our DNA polymerase prepa-
ations were (both HSV and �), we performed SDS-PAGE
lectrophoresis of our samples followed by silver-staining or
mmunoblotting. In the case of HSV DNA polymerase, we
ooked for type B DNA polymerase contamination (� and �
olymerases) using polyclonal antibodies raised against these
ellular enzymes (Abcam Inc., Cambridge, MA, USA). In
he case of � DNA polymerase, we looked for � polymerase
ontamination, since this preparation was performed with mock-
nfected Vero cells. Additionally, the absence of signal, by either
ilver-staining or immunoblotting, was confirmed by kinetic
ssays. The HSV DNA polymerase kinetic assay was performed
n the presence and absence of ammonium sulfate, according to
ishiyama et al. (1982) protocol and we found no DNA poly-
erase contamination. The confirmation of the purity of our
DNA polymerase preparations, by kinetic assays, was also

nalyzed according to Nishiyama’s protocol. In this last case,

uch a preparation was incubated in reaction mixtures to detect
he activity of other cellular DNA polymerases, such as � and

(Nishiyama et al., 1982), among others. Again, we found no
ontamination.
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.9. DNA polymerase inhibition assay

HSV-1 DNA polymerase and �-DNA polymerase inhibi-
ion assays were carried out under conditions appropriate for
rst-order kinetics. The reaction mixture for HSV-1 DNA poly-
erase experiments was composed of 50 mM Tris–HCl (pH

.0), 8 mM MgCl2, 0.5 mM DTT, 0.5 �g/mL bovine serum albu-
in, 100 mM ammonium sulfate (as an inhibitor of possible

ontaminant cellular polymerases), 100 �M of each nucleotide
dATP, dGTP, dCTP and [3H]-dTTP—0.5 �Ci/nmol), 12 �g/mL
ctivated salmon-sperm DNA and 3 U/mL of HSV-1 DNA
olymerase. The reaction mixture for �-DNA polymerase exper-
ments was composed of 40 mM potassium phosphate (pH 7.2),
mM MgCl2, 100 �M of each nucleotide (dATP, dGTP, dCTP
nd [3H]-dTTP—0.5 �Ci/nmol), 12.5 �g/mL activated salmon-
perm DNA and 3 U/mL of �-DNA polymerase. We defined
U as the amount of enzyme that incorporates 1 pmol of dTTP
er minute at 37 ◦C under standard assay conditions. The reac-
ion mixtures were incubated with the test compound at 37 ◦C
or 30 min, and quenched by addition of 10% trichloroacetic
cid (TCA). The resulting radioactive DNAs were adsorbed onto
F/C fiberglass membranes (Whatman) and counted by liquid

cintillation (Tri Carb 2600, Packard Inc.).
Dixon plots were used to determine the Ki, using 5 �M

f dTTP as a substrate, values for compound A, B and other
nhibitors. A Lineweaver–Burk plot was used to analyze the
inetic effects of compound A with respect to dTTP incorpora-
ion (Km and Vmax). The same assays were also performed with
he reference compounds aphidicolin and ACV-TP, and AZT-
P as a negative control. Whenever we used ACV-TP, assays
ontained [3H]-dGTP at 5 �M instead of [3H]-dTTP.

. Results

.1. Effects of compounds A and B on cellular viability

In order to evaluate the cytotoxicity of compounds A and B
owards Vero cells, they were treated with various concentrations
f compounds A or B and after 72 h cell viability was measured

y MTT (Table 1). The CC50 for compounds A and B were
500 ± 123 �M (means ± S.E.M.) and 870 ± 150 �M, respec-
ively, while the CC50 for ACV was 860 ± 58 �M, indicating
hat compound A is less toxic than ACV and compound B for

A
i
r
1

able 1
ytotoxicity and anti-herpetic activity of chloroxoquinolic acid analogs

rugs EC50 (�M)a

CC50 (�M)b HSV-1 (KOS)

ompound A 1500 ± 123 1.3 ± 0.23c (115
ompound B 870 ± 150 1.7 ± 0.2 (511)
CV 860 ± 58 0.99 ± 0.04 (868)

a HSV-infected Vero cells were treated with different concentrations of compounds
etermined by plaque-forming assay.
b Uninfected Vero cells were treated with different concentrations of compounds A
c The parentheses represent the selective index which is calculated by the ratio of C
esearch 77 (2008) 20–27 23

n vitro usage. It is important to comment that by analyzing the
ompounds’ cytotoxicity by Trypan blue dye exclusion assay,
e found similar CC50 values (data not shown). All other assays
ith compounds A and B were performed using concentrations
uch lower than its CC50.

.2. Antiviral activity of the compounds A and B

Initially, the effect of compound A on HSV-1 replication in
ero cells was examined by a yield reduction assay using two
iral isolates, KOS and AR-29, an ACV-sensitive strain and an
CV-resistant strain, respectively. In Table 1 we can see that
ompound A inhibited replication of both HSV-1 strains, with
C50 values of 1.3 ± 0.23 and 1.4 ± 0.16 �M for KOS and AR-
9 strains, respectively. This finding indicates that these two
trains are equally sensitive to our compound. Based on the ratio
f CC50 to EC50 we calculated the selectivity index (SI) values,
hich were equal to 1153 and 1071 for KOS and AR-29 strains,

espectively (Table 1). The anti-herpetic activity of compound
was not restricted to HSV-1, since HSV-2 replication was also

mpaired by this molecule with an EC50 of 1.1 ± 0.2 �M and a
I of 1363 (Table 1).

Moreover, the chloroxoquinolinic point of compound A,
amely compound B, also inhibited HSV-1 (both KOS and AR-
9 strains) and HSV-2 (Table 1) with EC50 values of 1.7 ± 0.2,
.9 ± 0.1 and 1.6 ± 0.08 �M, respectively (Table 1). Since this
mall difference is almost negligible, the chloroxoquinolinic ring
ay be considered the structural part that is responsible for the

bserved anti-herpetic activity, as it has been proposed by oth-
rs (Wathen, 2002). Interestingly, the major difference between
ompounds A and B rely on the SI values, which may result from
he higher cytotoxicity of the latter compound when compared
o the former.

For comparison, the effect of the reference compound ACV
as also studied under our assay conditions. We observed

Table 1) that compound A and ACV gave similar results, regard-
ng the inhibition of HSV-1 (KOS strain) and HSV-2, since
he ACV EC50 values were 0.99 ± 0.04 �M (SI of 868) and
.4 ± 0.1 �M (SI of 620), respectively. Remarkably, compound

was approximately four-fold more potent than ACV in inhibit-

ng the AR-29 strain of HSV-1, which showed some degree of
esistance to the reference compound (Table 1) (Lagrota et al.,
994).

HSV-1 (AR29) HSV-2

3) 1.4 ± 0.16 (1071) 1.1 ± 0.2 (1363)
1.9 ± 0.1 (457) 1.6 ± 0.08 (543)
5.8 ± 0.3 (149) 1.4 ± 0.1 (620)

A, B or ACV for 20 h. After this period cells were lysed and virus titters were

, B or ACV for 72 h and than cell viability was measured by MTT.
C50 to EC50.
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Fig. 2. Effect of compound A on HSV-1 replication. Vero cells were infected
with HSV-1 (KOS strain) at indicated MOIs, exposed to various concentrations
o
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Fig. 3. Time-of-addition assay. Vero cells were infected with 500 PFU/well
(MOI of ∼0.005) of HSV-1 (KOS strain) and compound A (3 �M) or ACV
(
c
o

t
b
(Fig. 4B), suggesting that the antiviral activity of compound
A could not be explained by the inhibition of this protein’s
synthesis.

Fig. 4. Compound A does not inhibit ICP27 synthesis. Vero cells were infected
with HSV-1 and treated with compound A (3 �M) or ACV (2.5 �M). After 20 h,
cells were lysed and immunoblotting assays were performed against ICP27 and
Actin. In panel (A): (1) mock-infected Vero cells, (2) mock-infected Vero cells
treated with compound A, (3) HSV-1-infected Vero cells, (4) HSV-1-infected
Vero cells treated with compound A, (5) mock-infected Vero cells treated with
ACV and (6) HSV-1-infected Vero cells treated with ACV. The gel displayed
in this panel is a representative of three independent experiments. In panel (B)
two-fold dilutions of the protein extracts derived from HSV-1-infected Vero
cells treated or not with compound A or ACV were also immunoblotted for
ICP27 and Actin detection. The figure shown in panel (B) is also representative
of three independent experiments. The difference found between the groups
f compound A, and viral replication was measured by plaque-forming assay
fter 20 h of infection. Data represent means ± S.E.M. of three independent
xperiments.

Additionally, we compared the yield reduction assay results
ith those obtained with plaque-reduction assays. We observed

imilar findings, since in this last EC50 values of compounds
, B and ACV for inhibiting the KOS strain of HSV-1
ere 1.5 ± 0.05, 2.2 ± 0.04 and 1.3 ± 0.01 �M, respectively.
oreover, inhibition of the AR-29 strain was achieved with

C50 values of 2.0 ± 0.07 �M (compound A), 2.6 ± 0.05 �M
compound B) and 6.5 ± 0.03 �M (ACV). Finally, the EC50
alues of the above mentioned compounds for HSV-2 were
.1 ± 0.09 �M (compound A), 1.9 ± 0.05 �M (compound B)
nd 1.5 ± 0.04 �M (ACV). Those EC50 values are the
eans ± S.E.M. of three independent experiments performed

n duplicates.
Since compound A presented lower SI values than compound

, we next determined whether the former molecule was able
o inhibit different inputs of HSV-1 (KOS strain). We found an

OI-dependent inhibition of HSV-1 replication produced by
ompound A (Fig. 2).

.3. Inhibition of HSV-1 replication by compound A in
unction of time of addition

In order to analyze whether the addition of compound A could
e delayed without losing its ability to block HSV-1 replication,
e performed time-of-addition assays, adding compound A to
SV-1-infected Vero cells at different time points after infection

Gong et al., 2002). We found that the anti-herpetic activity of
ompound A was preserved when added to infected cells up to
h after infection, declining thereafter (Fig. 3). These results
emonstrate that both test and reference compounds inhibit
SV-1 replication in a time-dependent manner and that their
rofiles of inhibition overlap. Therefore, compound A might
nhibit HSV-1 replication, similar to ACV, at an early stage of
he viral life cycle.

.4. Compound A did not impair ICP27 expression
As compound A inhibits the beginning of HSV-1 replica-
ion, we investigated its ability in inhibiting the synthesis of
key regulatory protein of the IE phase, the ICP27 (Smith et

l., 2005). We found that compound A caused no inhibition of

p
t
(
i
o

2.5 �M) was added at different times after infection, as indicated. HSV-1 repli-
ation was measured after 72 h by plaque assay. Data represent means ± S.E.M.
f three independent experiments.

he synthesis of this protein (Fig. 4A), with expression levels
eing similar to HSV-1-infected cells treated or not with ACV
resented in this panel is not significant, since this variation happened between
he analyzed groups from each replicate. As judged by densitometry analysis
EagleSight software 3.21; Stratagene, La Jolla, CA, USA), the band displayed
n the Actin blot (dilution 1/128) is thicker than the ICP27 band (dilution 1/128)
f the HSV-1 + compound A blot.
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Table 2
Inhibitory activity of chloroxoquinolinic acid analogs and other molecules on
HSV-1 and �-DNA polymerase activity

Inhibitors Ki [�M]

HSV-1 polymerase �-DNA polymerase

Compound A 0.1 ± 0.03 6.0 ± 0.30
Compound B 0.2 ± 0.02 6.0 ± 0.50
ACV-TP 0.4 ± 0.04 8.0 ± 1.00
Aphidicolin 0.3 ± 0.02 2.6 ± 0.80
AZT-TP >21 >21

HSV-1 and �-DNA polymerase were partially purified from infected and unin-
fected Vero cells, respectively. Polymerase reactions were carried out for 30 min
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Fig. 5. Effect of compound A on HSV-1 DNA polymerase kinetics. Partially
purified HSV-1 DNA polymerase was incubated with zero (�), 0.1 �M (©) or
0.5 �M (�) of compound A (A) or 0.3 �M (�) of aphidicolin (B), a known com-
petitive inhibitor of the HSV-1 DNA polymerase activity with respect to dTTP
i
D
p

t
a
a
a

ith various concentrations of the indicated compounds according to Section 2.
ata represent means ± S.E.M. of five independent experiments. Ki values were

alculated from Dixon plots.

.5. Compounds A and B inhibit HSV-1 DNA polymerase
ctivity

We performed a cell-free based assay to evaluate whether
he nucleoside analog (compound A) and its free aglycone
ase (compound B) could inhibit the HSV-1 DNA polymerase
Boehmer and Lehman, 1997; Roizman and Sears, 1996). We
bserved (Table 2) that the Ki for compound A against HSV-1
NA polymerase was approximately four- and three-fold lower

han that observed for the clinically available derivative ACV-
P and for the classical type B polymerase inhibitor aphidicolin,

espectively. On the other hand, AZT-TP, which is a clinically
vailable derivative for the inhibition of HIV-1 replication, failed
o show any anti-herpetic activity. Compound B was 2- and 1.5-
old more potent than ACV and aphidicolin in inhibiting HSV-1
NA polymerase, respectively (Table 2).
Although compound A is a nucleoside analog, it inhibited the

n vitro activity HSV-1 DNA polymerase without prior phospho-
ylation. Therefore, its mechanism of action may differ from that
f ACV, since this reference compound needs to be phosphory-
ated to its triphosphate form in order to target the HSV-1 DNA
olymerase (Morfin and Thouvenot, 2003).

.6. Compound A is a noncompetitive inhibitor of HSV-1
NA polymerase

We next investigated the kinetic effects of compound A on
he HSV-1 DNA polymerase with respect to dTTP incorporation,

nd found that the test molecule was a noncompetitive inhibitor
Fig. 5A and Table 3), since it reduced values of Vmax without
ffecting the Km. This kinetic profile of inhibition is consis-

able 3
ffect of compound A in kinetic parameters of HSV-1 DNA polymerase

dditions Km (�M) Vm (fmol/min)

one 1.10 ± 0.07 105.09 ± 1.80
ompound A, 0.1 �M 1.20 ± 0.09 73.04 ± 1.32

he kinetic parameters were calculated from the Lineweaver–Burk plots in
ig. 5, in which we used curves (�) and (©) to obtain the Km and Vmax values
ithout and with compound A, respectively.
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ncorporation. These reactions were assayed for 30 min according to Section 2.
ata represent means of five independent experiments and the Lineweaver–Burk
lot was generated using SigmaPlot 8.0 (Jandel Scientific).

ent with the mode of action of a compound that does not need
prior phosphorylation step to be active. For comparison, we

nalyzed the effect of aphidicolin on HSV-1 DNA polymerase
ctivity (Fig. 5B) and found, as expected, that this reference
ompound is a competitive inhibitor of this enzyme. Therefore,
he results displayed in Fig. 5A suggest that compound A inhibits
he enzyme HSV-1 DNA polymerase with a peculiar mode of
nhibition (Wathen, 2002) – different from that observed for
lassical anti-herpetic agents, such as ACV-TP – and probably
ndependently of interactions with the dNTP binding site.

. Discussion
Several authors have reported the properties of synthetic com-
ounds as anti-herpetic agents (Albin et al., 1997), including
uinolinic molecules (Oien et al., 2002). Importantly, it has
een shown that the presence of a chloride radical in the chem-
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cal structure of quinolinic derivatives generally improves their
ntiviral activity (Savarino et al., 2003). We have thus inves-
igated the anti-HSV properties of compound A, which is an
xoquinolinic ribonucleoside possessing a chloride radical at
arbon 6 and a carboxylic acid group at carbon 3 of the quino-
inic moiety and compound B, which represents the free base of
ompound A. Here, we demonstrate that chloroxoquinolic A and
can inhibit HSV-1 and HSV-2 replication, with low cytotoxic

ffects on the host cell, by impairing the viral DNA polymerase
ctivity in a noncompetitive fashion, which raises the hypothe-
is of the usage of compound A with competitive inhibitors of
SV replication, such as ACV, in combinatory treatments. In

ddition, another advantage of compound A was its ability to
nhibit the replication of an ACV-resistance strain of HSV-1.

Time-of-addition assays, immunoblotting and the protein
rofile of HSV-1-infected Vero cells treated with compound A
data not shown) suggest that this molecule acts at an early stage
f HSV-1 replication, after viral entry. This stage is probably
he E-phase, since the time-course of inhibition was similar to
hat observed for other E-phase inhibitors, such as ACV and
FA (Snoeck, 2000). Accordingly, we found that the E-protein

nhibited by compounds A and B was the HSV DNA poly-
erase, which is targeted by almost 90% of the anti-herpetic

gents currently in use (Naesens and De Clercq, 2001), and
n our model viral replication and enzyme activity was inhib-
ted with a good correlation between EC50 and Ki values. Since
ur nucleoside (compound A) and its free base (compound B)
nhibited HSV-1 DNA polymerase activity, we conclude that the
rincipal component responsible for the observed inhibition is
he chloroxoquinolinic acid ring, which is in agreement with
tudies by Wathen (2002). Additionally, differences in the SI
alues of these compounds might indicate that chemical modifi-
ations may modulate their pharmacological behavior (Barbosa
t al., 2004).

Therapeutic agents used during treatment of HSV-1-infected
ndividuals include nucleoside analogs, which are generally pro-
rugs that must be converted to their triphosphate forms to
ecome active and target viral polymerases, such as ACV that
as to be monophosphorylated by HSV TK, and then converted
o its di- and triphosphate forms by cellular kinases (Morfin and
houvenot, 2003). However, mutations in either the HSV DNA
olymerase, in the TK or the absence of this kinase may lead to
iral resistance (Morfin and Thouvenot, 2003). As compound A
s a noncompetitive inhibitor of HSV DNA polymerase that does
ot require a prior conversion to its triphosphate form, and tak-
ng into account that this molecule inhibits the replication of the
R-29 strain of HSV-1, we might conclude that our compound

nhibits ACV-resistant strains of HSV-1.
Importantly, the kinetic nature of inhibition promoted by

ompound A differs from that observed for ACV-TP, since our
olecule inhibited HSV DNA polymerase activity in a non-

ompetitive fashion. This suggests that the effect of compound
on the HSV DNA polymerase is independent of prior binding
f the substrate (dTTP) to this enzyme, as judged by Km val-
es (Auwerx et al., 2004). Thus, only the remaining enzymes,
hich are unaffected by the inhibitor, can catalyze the reaction,

owering the Vmax (Segel, 1993).

d

esearch 77 (2008) 20–27

Differently from ACV-TP, PFA inhibits the HSV DNA poly-
erase in a noncompetitive manner (Naesens and De Clercq,

001); however, its side effects, such as renal failure are dra-
atic (Zanetta et al., 1999). Compounds A, B and PFA probably

ind to different parts of the HSV DNA polymerase because
utations in the enzyme UL30 that lead to the emergence of
FA-resistant strains of HSV-1 occur on residues that are not
equired for oxoquinolinic docking (Saijo et al., 2005; Liu et al.,
006). Nevertheless, to test this hypothesis, we are performing
ssays with a panel of PFA-resistant strains of HSV-1 and mak-
ng several passages of this virus in the presence of compound
.
Finally, based on the present findings, we believe that com-

ound A represents a promising molecule for future anti-HSV-1
rug design. The unique chemical structure of compound A
ncourages additional studies, such as the mapping of UL30
ene of compound A-resistant strains of HSV-1, as well as
hemical modifications of the compounds (Barbosa et al., 2004).
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ndrighetti-Fröhner, C.R., Sincero, T.C., da Silva, A.C., Savi, L.A., Gaido,
C.M., Bettega, J.M., Mancini, M., de Almeida, M.T., Barbosa, R.A., Farias,
M.R., Barardi, C.R., Simões, C.M., 2005. Antiviral evaluation of plants from
Brazilian Atlantic Tropical Forest. Fitoterapia 76, 374–378.

uwerx, J., Stevens, M., Van Rompay, A.R., Bird, L., Ren, E., De Clercq, J.,
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