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bstract

Based on our previous experience with arylsulfone derivatives displaying antiherpetic activity, we synthesized several analogues in which the
ulfonyl group is part of a bicyclic structure. The benzene-fused derivative 2H-3-(4-chlorophenyl)-3,4-dihydro-1,4-benzo-thiazine-2-carbonitrile
,1-dioxide and its thiophene-fused analogue were shown to have favorable activity and selectivity against the betaherpesviruses human
ytomegalovirus (HCMV) and human herpesvirus 6 (HHV-6) and 7 (HHV-7). The benzene-fused derivative retained its anti-HCMV activity
hen evaluated against virus strains resistant to foscarnet, ganciclovir, and/or cidofovir. The compound conferred ≥95% inhibition of viral DNA

ynthesis in HHV-6-infected cells. RT-PCR analysis of immediate-early, early and late gene products revealed that this arylsulfone compound
cts at a step preceding late gene expression, and coinciding with the inhibition exerted by foscarnet. No inhibitory effect was seen in an enzyme

ssay for DNA elongation catalyzed by the HCMV or HHV-6 DNA polymerase catalytic subunit. The arylsulfone derivatives had no effect on
he functional interaction between the catalytic subunit of HCMV DNA polymerase and its accessory protein, nor did they disrupt the physical
nteraction between the two proteins. We conclude that these arylsulfone derivatives represent new betaherpesvirus inhibitors with a novel mode
f action that results in indirect inhibition of viral DNA synthesis.

2006 Published by Elsevier B.V.
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. Introduction

The availability of more than eight antiherpetic drugs allows
ontrol of human herpesvirus infections in various clinical set-
ings (Coen and Schaffer, 2003). Considerable progress has
een achieved in the therapy of life-threatening manifestations
f herpesvirus reactivation in immunocompromised patients,
uch as transplant recipients undergoing immunosuppressive
herapy. Ganciclovir (GCV) and, to a lesser extent, foscar-
et, are the standard drugs for preemptive therapy of human

ytomegalovirus (HCMV) infections in transplant recipients
Nichols and Boeckh, 2000). The value of ganciclovir or fos-
arnet treatment in transplant recipients showing clinical signs
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lsulfone derivative

rom human herpesvirus 6 (HHV-6) reactivation remains to
e fully established (Zerr et al., 2002, 2005; De Bolle et al.,
005). Since HCMV reactivation in solid organ recipients can
e enhanced by the other two betaherpesviruses HHV-6 and
uman herpesvirus 7 (HHV-7) (Mendez et al., 2001), antivi-
al drugs with activity against all three betaherpesviruses are to
e preferred. Unfortunately, long-term administration of ganci-
lovir or foscarnet can lead to severe toxicity or emergence of
rug-resistant virus strains (Nichols and Boeckh, 2000). There-
ore, the need remains for new antiherpetic drugs (preferably
ith non-nucleoside structure) that combine efficacy and safety
ith a novel mechanism of action, thus excluding the possi-
ility of cross-resistance with existing therapeutics (Wathen,
002).

We previously reported on the synthesis and antiviral and

ntitumor activities of a series of new diarylsulfone derivatives
Stephens et al., 2001). While their anti-human immunodefi-
iency virus type 1 (HIV-1) activity may be based on inhibition
f the HIV-1 reverse transcriptase (RT), in analogy to structurally

mailto:lieve.naesens@rega.kuleuven.ac.be
dx.doi.org/10.1016/j.antiviral.2006.03.013
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Fig. 1. Chemical structu

elated non-nucleoside RT inhibitors (Silvestri et al., 2003),
heir mode of action against herpesviruses such as HCMV, her-
es simplex virus (HSV) and varicella zoster virus (VZV) has
ot yet been studied. In the present paper, we describe the
nti-betaherpesvirus activity of some related heteroarylsulfone
erivatives in which the sulfonyl group is part of a bicyclic struc-
ure. Our interest in such compounds was stimulated by a report
n the potent anti-HIV-1 activity of some other bicyclic sulfones
Witvrouw et al., 1998). The present findings indicate that the
ode of action of these new bicyclic derivatives against beta-

erpesviruses may be related to indirect inhibition of viral DNA
ynthesis.

. Materials and methods

.1. Chemical synthesis

The structures of the arylsulfone compounds are shown
n Fig. 1. Sulfones 1–3 (Stephens et al., 2001) and 6–8
Stephens and Sowell, 1998) and 9 (Stephens, 1998) were
vailable as a result of previously described synthetic work.
ulfones 4 and 5 were prepared according to the literature
Baliah and Ananthapadmanabhan, 1972) starting from (2-
itrophenylsulfonyl)acetonitrile (Stephens, 1998).

.2. Cells and viruses

The cell lines used were: human embryonic lung (HEL)
broblasts, purchased from the American Type Culture Col-

ection (ATCC; Manassas, VA), and the human T-lymphoblast
ells HSB-2 (from ATCC), MOLT-3 (from Advanced Biotech-
ologies, Columbia, MD) and SupT-1 (from ATCC).
The reference human cytomegalovirus (HCMV) strains
D169 (ATCC VR538) and Davis (ATCC VR807) were
btained from ATCC. The HCMV clinical strains Der530 and
y9990 were isolated in our laboratory; they were obtained from

s
c
s
a

arylsulfone derivatives.

he lymphocytes of an AIDS patient and a transplant recipient,
espectively, both undergoing GCV therapy.

Activity against HCMV was determined using the reference
trains AD-169 and Davis, and drug-resistant strains: AD169
FAr (resistant to foscarnet); Der530 GCVr/CDVr (resistant to
anciclovir and cidofovir) and Ly9990 GCVr (resistant to gan-
iclovir). For HHV-6, we used the reference strains GS (kindly
rovided by Dr. R. Gallo when at NIH), representing HHV-6
ariant A, and Z29 (obtained from Advanced Biotechnologies),
epresenting HHV-6 variant B. For HHV-7, the KHR strain (a
ind gift from Dr. K. Yamanishi, Osaka, Japan) was used.

.3. Antiviral assays

The detailed procedures for determining anti-betaherpesvirus
ctivity can be found elsewhere (Snoeck et al., 2002; Neyts et
l., 2001; Zhang et al., 1999). Briefly, HCMV was added at
00 PFU per well to 96-well plates containing confluent cul-
ures of human embryonic lung (HEL) fibroblasts. Unadsorbed
irus was removed after 2-h incubation, and replaced by serial
ilutions of the test compounds. After 7 days incubation, the
ytopathic effect (CPE) was scored by microscopic evaluation,
rom which the 50% antivirally effective concentration (EC50)
as calculated. HHV-6 assays were performed in fresh human

ord blood mononuclear cells, or in human T-lymphoblast HSB-
(for HHV-6A, strain GS) and MOLT-3 (for HHV-6B, strain
29) cells. Virus stocks were added to concentrated cell sus-
ensions at a multiplicity of infection of 100 CCID50 (50% cell
ulture infective dose) per 106 cells. After 2 h, cells were cen-
rifuged to remove unadsorbed virus, resuspended in medium
ontaining serial dilutions of the compounds, and transferred
o 48-well plates. After 10–12 days incubation, viral CPE was

cored by microscopy, and total DNA was extracted from the
ells for quantitation of the viral DNA by a non-radioactive
lot-blot hybridization assay (Naesens et al., 2001). Anti-HHV-6
ctivity was expressed as EC50, i.e., the compound concentration
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fused aromatic ring system (Tables 1 and 2). The activity of the
benzene-fused derivative 5 and the thiophene-fused derivative
7 was clearly greater against HHV-6 than HCMV. In contrast,
no anti-betaherpesvirus activity was seen with the N-substituted

Table 1
Anti-HCMV activity of arylsulfone derivatives in human embryonic fibroblasts

Compound EC50 based on CPEa (�g/ml) MCCb

(�g/ml)
CC50

c

(�g/ml)
AD169 Davis

1 1.3 1.9 >20 28
2 0.5 0.6 20 50
3 >5 10 20 46
4 28 >20 50 >50
5 3.1 2.8 20 >50
6 50 50 >50 >50
7 7 9 50 35
8 >50 >50 >50 >50
9 >5 >5 20 >20
Ganciclovir 1.6 1.8 >50 >50
2 L. Naesens et al. / Antivi

hat produces 50% inhibition of virus replication, as estimated
rom the CPE score, or the viral DNA band intensity in the
ybridization assay. In the case of HHV-7, human T-lymphoblast
upT-1 cells were mixed with cell lysate from HHV-7-infected
ells, and serial dilutions of the test compounds (Zhang et al.,
999). After 10 days incubation, cells were fixed and stained
ith anti-CD4 antibody, and then subjected to FACS analysis.
he antiviral EC50 was defined as the compound concentra-

ion that afforded 50% protection against HHV-7-induced CD4
eceptor down-regulation.

.4. Cytotoxicity assays

The minimum cytotoxic concentration (MCC) was estimated
y microscopy, and defined as the concentration producing min-
mal changes in cell morphology. The CC50 or 50% cytostatic
oncentration was determined in growing cultures of HEL cells,
hich were incubated with the compounds during 3 days, and

hen counted using a Coulter counter.

.5. RT-PCR assays

The effect of the test compounds on the transcription of
elected HHV-6 immediate early (IE), early (E) and late (L)
enes was determined in MOLT-3 cells at 16 and 48 h after
HV-6B infection. Actinomycin D, cycloheximide and foscar-
et (inhibitors of IE, E and L transcription, respectively) were
ncluded as control compounds. The detailed procedure can be
ound elsewhere (De Bolle et al., 2004a). After RNA extraction,
ny contaminating DNA was removed by DNase treatment, as
erified by PCR analysis on the RNA extracts. Then, cDNA was
ynthesized with RAV-2 reverse transcriptase and oligo-dT(15)
rimers. Then, PCR amplification was performed with primers
or the HHV-6 U86, U12, U67 and U100 mRNAs. To normalize
or total cDNA input, a PCR for human �-actin mRNA was run
n parallel.

For time-of-addition experiments, the compounds were
dded to HHV-6B-infected MOLT-3 cells at different time points
range: 2–32 h) post infection (p.i.). At 48 h p.i., RNA extracts
ere prepared and processed as described above, after which
T-PCR analysis was performed for HHV-6 U67 and human
-actin mRNA.

.6. Enzyme assays for HCMV and HHV-6 DNA
olymerase

The detailed procedure to determine the inhibitory effect of
he compounds on the activity of HCMV- or HHV-6-encoded
NA polymerase has been published elsewhere (De Bolle et al.,
004b). The catalytic subunit of the DNA polymerase (pUL54
or HCMV and pU38 for HHV-6) was prepared by in vitro tran-
cription/translation from an expression plasmid containing the
L54 gene of HCMV (Cihlar et al., 1997) or the U38 gene of

HV-6. The enzyme mixture contained activated calf thymus
NA as the primer/template, 1 �M of [3H]-dGTP and 100 �M
f dATP, dTTP and dCTP, and serial dilutions of the test com-
ounds. After 40 min at 37 ◦C, nucleic acids were precipitated

c

c

search 72 (2006) 60–67

ith trichloroacetic acid and collected on filters, in which incor-
orated radioactivity was quantified by scintillation counting.

The compounds were also tested in an assay that measures
timulation of pUL54 activity by pUL44 as previously described
Loregian et al., 2003, 2004). Briefly, the incorporation of [3H]-
TTP into a poly(dA)-oligo(dT) template was measured using
00 fmol of purified pUL54 and 200 fmol of purified pUL44 in
he absence or presence of various amounts of each compound.
he purified baculovirus-expressed HCMV pUL54 and pUL44
roteins used in these assays, prepared as described (Loregian
t al., 2003), were kindly provided by H.S. Marsden (Institute of
irology, Glasgow, UK). As a positive control for inhibition, a
eptide corresponding to the 22 C-terminal residues of HCMV
UL54 (kindly provided by H.S. Marsden) was included.

.7. pUL54–pUL44 interaction ELISA

This assay was performed as described in Loregian et al.
2003, 2004), using baculovirus-expressed and purified HCMV
UL54 and pUL44 proteins, and with various concentrations of
ach compound. As a positive control for inhibition, a peptide
orresponding to the 22 C-terminal residues of pUL54 was used.

. Results

.1. Anti-betaherpesvirus activity

The pyrrole derivatives 1 and 2 (already described in Stephens
t al., 2001) were active against HCMV (EC50 ≤ 1.0 �g/ml;
able 1), yet had little or no activity against HHV-6 (Table 2). The
ewly synthesized compounds 4–9, in which the sulfonyl group
s part of a bicyclic structure, showed some differences in their
ctivity against HCMV, HHV-6 and HHV-7, depending on the
a Compound concentration that produces 50% inhibition of virus-induced
ytopathic effect (CPE), as determined by microscopical examination.
b Minimum cytotoxic concentration, or concentration causing minimal
hanges in cell morphology, as determined by microscopical examination.
c Concentration that inhibits cell proliferation by 50%.
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Table 2
Antiviral activity of arylsulfone derivatives in HHV-6- and HHV-7-infected human T-lymphoblasts

Compound HHV-6A-infected HSB-2 cells HHV-6B-infected MOLT-3 cells HHV-7-infected
SupT1 cells

EC50 based on
CPEa (�g/ml)

EC50 by DNA
detectionb (�g/ml)

MCCc

(�g/ml)
EC50 based on
CPEa (�g/ml)

EC50 by DNA
detectionb (�g/ml)

MCCc

(�g/ml)
EC50 based on
FACSd (�g/ml)

1 2.2 12 ± 5.8 20 >20 10 20 NA
2 5.0 ± 2.0 ≥10 ≥20 >20 >10 ≥20 NA
3 >20 ND 20 >20 ND ≥20 ND
4 >20 ND 20 >20 ND 20 ND
5 0.4 ± 0.5 1.3 ± 1.0 20 1.5 ± 0.6 1.9 ± 1.1 20 5.7 ± 1.8
6 >20 ND 20 >20 ND 20 ND
7 1.8 ± 0.30 2.9 ± 0.86 50 2.1 ± 0.15 1.8 ± 1.1 50 ND
8 >20 ND 20 >20 ND ≥10 ND
9 >20 ND 20 >20 ND ≥20 ND
Foscarnet 2.8 ± 2.5 3.0 ± 3.3 500 6.6 ± 3.6 5.8 ± 4.3 500 2.9

Data are the mean ± S.D. from two to five independent experiments. ND, not determined; NA, not active at subtoxic concentrations.
a Compound concentration producing 50% inhibition of HHV-6-induced cytopathic effect (CPE), as determined by microscopical examination.
b Concentration producing 50% inhibition of HHV-6 replication, as estimated by hybridization assay for viral DNA.
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c Minimum cytotoxic concentration, or concentration causing minimal chang
d Compound concentration producing 50% inhibition of HHV-7 replication, a

yrrole derivative 9. In addition, the p-chlorosubstituent on the
henyl ring of compounds 5 and 7 was prerequisite, since com-
ounds 4 and 6 had very poor, if any, antiviral activity against
CMV and HHV-6. The antiviral activity of 5 and 7 against
SV-1 and VZV was inferior to their activity against HHV-6

nd HCMV. For instance, the EC50 values for VZV were >50
nd 13 �g/ml for 5 and 7, respectively (data not shown).

Compound 5 retained its anti-HCMV activity when evalu-
ted against HCMV isolates resistant to foscarnet, ganciclovir
r cidofovir, and presumed to carry amino acid substitutions in
he viral pUL38 DNA polymerase or pUL97 kinase (Table 3).

For most arylsulfone compounds, the selectivity was higher
n the HCMV assay than in the HHV-6 assay. In slowly
ividing HEL cells, the cytostatic effect of 5 and 7 was low
CC50 > 50 �g/ml; Table 1), whereas the same compounds pro-
uced minimal toxicity in HHV-6-infected HSB-2 or MOLT-3
ells at a concentration of 20 or 50 �g/�l, resulting in a selec-
ivity index (ratio of MCC to EC50) of 11–50 (Table 2). The
electivity index for HHV-6 may be biased by the fact that our

HV-6 experiments were performed in a 10-day assay in highly
roliferating human T-lymphoblasts, which may overestimate
he cytostatic activity of these arylsulfone compounds (Stephens
t al., 2001).

H
a
h
≥

able 3
ctivity of compound 5 against drug-resistant HCMV strains

ompound EC50 based on CPE (�g/ml)a

Wild-type HCMV (AD-169) GCVr HCMV (Ly9990)b

4.6 ± 1.9 2.7 ± 2.0
oscarnet 19 ± 5.7 25 ± 0.7
anciclovir 1.2 ± 0.4 7.0 ± 3.5
idofovir 0.063 ± 0.021 0.090 ± 0.042

ata are the mean ± S.D. from two to four independent experiments.
a Compound concentration that produces 50% inhibition of virus-induced cytopath
b See Section 2 for origin of HCMV mutants.
cell morphology, as determined by microscopical examination.
mated by FACS analysis of CD4 receptor down-regulation.

.2. Synergistic activity between compound 5 and foscarnet

A combination experiment was performed, in which different
oncentrations of compound 5 and foscarnet were combined in a
heckerboard scheme, and evaluated for activity against HHV-
. The EC50 value of compound 5 was found to be markedly
educed upon combination with foscarnet. After isobologram
nalysis (Greco et al., 1995), the curve connecting the EC50
alues of the combination fell between the line connecting the
C50 values of the compounds alone (Fig. 2; solid line) and the

ine connecting the EC50/2 values (Fig. 2; dotted line), indicating
hat the combination of compound 5 with foscarnet is slightly
ynergistic.

.3. Inhibitory effect on viral DNA synthesis in
HV-6-infected cells

The inhibitory effect of the arylsulfone compounds on viral
NA synthesis was determined using a hybridization assay for

HV-6 DNA. Overall, the EC50 values obtained by the CPE

nd DNA hybridization assay were very similar (Table 2). The
ighest activity was noted for compound 5: at concentrations
4 �g/ml, 5 inhibited HHV-6 DNA synthesis by ≥95%, both

PFAr HCMV (AD169 PFAr)b GCVr/CDVr HCMV (Der530)b

3.2 ± 0.3 5.6 ± 0.8
94 ± 16 34 ± 3.5

1.7 ± 0.4 12 ± 5.2
0.067 ± 0.035 0.52 ± 0.021

ic effect (CPE), as determined by microscopical examination.
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Fig. 2. Isobologram representation of the combined inhibitory effects of com-
pound 5 and foscarnet on HHV-6B replication in MOLT-3 cells. The full line
connects the EC50 values (determined by CPE assay) of both compounds in the
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bsence of the combining compound, while the dotted line connects the EC50/2
alues. The EC50 values for the combination of 5 and foscarnet fall close to the
otted line, indicating slight synergism.

n T-lymphoblasts (Fig. 3A) and in fresh human cord blood
ononuclear cells (Fig. 3B).

.4. Effect on HHV-6 gene expression

In order to locate the stage in the viral replication cycle at
hich compound 5 exerts its effect, we performed RT-PCR stud-

es to measure the immediate-early (IE), early (E) and late (L)
ranscripts at 16 hr or 48 h after HHV-6 infection. Whereas the

E and E mRNAs were found to be unaffected, there was a clear
nhibition of L gene expression (Fig. 4). This pattern of inhibition
as similar to that observed for the DNA polymerase inhibitor

oscarnet. This analogy between compound 5 and foscarnet was

4

t

ig. 3. Inhibitory effect of compound 5 on viral DNA synthesis, as determined by h
nfected CBMCs (panel B). Equal amounts of total DNA (extracted at 10 days p.i
uantification of viral DNA band intensity. Compound concentrations are in �g/ml.
search 72 (2006) 60–67

lso apparent from time-of-addition studies. Production of the
ate HHV-6 U67 transcript was measured by RT-PCR after one
eplication cycle (48 h) during which the compounds were added
t increasing time points (ranging from 2 to 32 h p.i.). Both com-
ound 5 and foscarnet retained their anti-HHV-6 activity when
heir addition was delayed until 2–12 h p.i., yet became inactive
hen added at 18 h p.i. or later (Fig. 5).

.5. Direct effects on HCMV or HHV-6 DNA synthesis

Several experiments were performed to investigate whether
ompound 5 or related arylsulfone derivatives cause a direct inhi-
ition of viral DNA synthesis. First, we determined the direct
nhibitory effect of 5 on the DNA elongation process catalyzed
y the catalytic subunit of HCMV or HHV-6 DNA polymerase
De Bolle et al., 2004b). Whereas the reference compounds fos-
arnet and ganciclovir triphosphate exerted a marked inhibitory
ffect on polymerase activity, we did not observe any inhibi-
ion with 5 at concentrations up to 50 �g/ml (data not shown).

e also observed no inhibitory effect of the arylsulfone deriva-
ives on viral DNA polymerization in an enzyme assay with the
atalytic subunit of the HCMV DNA polymerase (pUL54) com-
lexed with its accessory protein pUL44. Finally, the compounds
id not disrupt the physical interaction between the pUL54 and
UL44 subunits, as determined in an ELISA interaction assay
data not shown).
. Discussion

The diarylsulfone derivatives included in our previous inves-
igations were compounds with a furan, thiophene, or N-

ybridization assay in HHV-6B-infected MOLT-3 cells (panel A) or HHV-6B-
.) were blotted; for the virus control, a dilution series was included to allow
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Fig. 4. Effect of compound 5 on HHV-6 gene expression. RT-PCR assay for HHV-6 immediate early (IE), early (E) and late (L) transcription at 16 or 48 h after
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nfection of HHV-6B-infected MOLT-3 cells, treated with compound 5 (50 �g/m
PFA; 200 �g/ml). CC, uninfected control; VC, virus control. For each conditio
ycles, or 25 and 30 cycles for the PCR detecting �-actin mRNA.

ubstituted pyrrole (Stephens et al., 2001). Among these, several
erivatives displayed selective activity against HIV-1, HCMV or
ZV with EC50 values below 1 �g/ml. For the three viruses, the
rder of antiviral activity among the compounds was different;
ost notably, there was a clear dissection in their anti-HIV-
and anti-HCMV activity. The structure–activity relationship

btained in the previous study provided the basis for a more spe-
ific molecular design to target compounds towards HCMV. In
rder to determine whether the antiviral activity was common
o all human betaherpesviruses, we now included HHV-6 and
HV-7 in our experiments. Two compounds, i.e., the benzene-

used derivative 5 and its thiophene-fused analogue 7 emerged
ith broad-spectrum activity against the three human betaher-
esviruses, although the activity against HHV-6 and HHV-7 was
uperior to that observed for HCMV. This can be explained by
he fact that the overall genetic similarity between HCMV and
HV-6 is lower than among HHV-6 and HHV-7 (Dominguez et

l., 1996).
Based on its superior activity against HCMV, HHV-6 and

HV-7, the benzene-fused derivative 5 was selected for further
tudies. The observation that 5 is not cross-resistant with fos-
arnet, ganciclovir or cidofovir, is an important advantage in
he eventual clinical use of these arylsulfone compounds, since
rug-resistant HCMV strains may emerge after long-term treat-
ent with antiherpetic drugs (Emery, 2001). In addition, our
bservation that the anti-HHV-6 activity of compound 5 shows
light synergism upon combination with foscarnet, opens the
ossibility for drug combinations, although this is not routine
ractice in herpesvirus therapy.

s
i
c
a

ig. 5. Effect of delayed time of addition on the HHV-6 effect of compound 5. MOLT
o virus infection), the compounds were added: compound 5 (5 �g/ml), foscarnet (P

easured at 48 h p.i. by RT-PCR analysis of HHV-6 U67 mRNA. For each condition,
or HHV-6 U67 mRNA, or 25 and 30 cycles for human �-actin mRNA.
ctinomycin D (ActD; 10 �g/ml); cycloheximide (CHX; 75 �g/ml) or foscarnet
left and right band represent the PCR product formed after 34 and 40 thermal

The close correlation between the antiviral EC50 values
btained by the CPE assay and by measuring HHV-6 DNA
ynthesis after several rounds of replication, resembles our pre-
ious findings with antiherpetic drugs that target HHV-6 DNA
olymerase (De Bolle et al., 2002). In contrast, no inhibition of
CMV DNA synthesis was seen for inhibitors of virus matura-

ion such as the benzimidazole riboside BDCRB, which acts at
late stage in the HCMV replication cycle following viral DNA

ynthesis (Underwood et al., 1998). In addition, the observation
hat 5 exerts a complete shut-off of HHV-6 DNA synthesis, with
igh reproducibility regardless the virus strain or cell system,
uggests that its target is a crucial viral factor that is equally
nvolved in our different antiviral test systems. In contrast, we
ave observed that non-nucleoside antiherpetic compounds that
nteract with a cellular target (such as a cellular protein tyrosine
inase) show much higher variability in their antiviral activity
epending on viral load and cell system (De Bolle et al., 2004a).

Our hypothesis that compound 5 acts by either direct or
ndirect inhibition of viral DNA synthesis was based on time-of-
ddition studies and RT-PCR analysis of HHV-6 gene expres-
ion, showing that 5 inhibits HHV-6 late gene expression, in
nalogy to foscarnet. However, using different enzyme assays,
e were able to demonstrate that the inhibition of HCMV or
HV-6 DNA synthesis is not caused by a direct effect of 5 at the

evel of the viral DNA polymerase or its interaction with acces-

ory proteins. Herpesvirus DNA synthesis is a complex process
nvolving DNA elongation and 3′-5′ exonuclease activity by the
atalytic subunit of the DNA polymerase in association with the
ccessory protein that binds to the growing DNA chain (Cihlar

-3 cells were infected with HHV-6B, and at the indicated time points (relative
FA; 200 �g/ml) or cycloheximide (CHX; 75 �g/ml). HHV-6 replication was
the left and right band represent the PCR product formed after 30 or 35 cycles



6 ral Re

e
t
H
5
d
H
d
i
k
v
s
w
F
i
i
a
d
o
b
p
t
a
b
D
w
(
b
a
o
i
t

t
i
m
A
r
n
t

A

d
f
D
k
p

G
t
t

R

B

B

B

C

C

D

D

D

D

D

E

E

G

L

L

M

M

N

6 L. Naesens et al. / Antivi

t al., 1997; Monahan et al., 1998). Compound 5 did not affect
he DNA chain elongation by the catalytic subunit of HCMV or
HV-6 DNA polymerase. We can thus exclude that compound
would have a similar mode of action as the structurally related
iarylsulfonyl derivatives which were found to directly inhibit
IV reverse transcriptase (Silvestri et al., 2003), or the 4-oxo-
ihydroquinolines, the only class of non-nucleoside analogue
nhibitors of herpesvirus DNA polymerases that is currently
nown (Brideau et al., 2002). Compound 5 also had no effect on
iral DNA polymerization in an enzyme assay with the catalytic
ubunit of the HCMV DNA polymerase (pUL54) complexed
ith its accessory protein pUL44 (Loregian et al., 2003, 2004).
inally, the arylsulfone compounds did not disrupt the physical

nteraction between the HCMV DNA polymerase pUL54 and
ts accessory protein in an interaction ELISA assay (Loregian et
l., 2003). Thus, we can exclude a mechanism of action as that
escribed by Pilger et al. (2004), who described a new inhibitor
f HSV replication that disrupts the protein–protein interaction
etween the catalytic subunit of HSV-1 DNA polymerase and its
rocessivity factor. From these collective data, we conclude that
he inhibition of betaherpesvirus DNA synthesis exerted by the
rylsulfone derivatives in cell culture is not related to direct inhi-
ition of the DNA polymerization process catalyzed by the viral
NA polymerase complex. Our data may seem reminiscent of
hat has been reported for the benzimidazole riboside maribavir

1263W94) that suppresses HCMV DNA synthesis, presumably
y inhibition of the HCMV pUL97 kinase. In an enzymatic
ssay, maribavir was found to have no direct inhibitory effect
n the HCMV DNA polymerase (Biron et al., 2002) although,
n time-of-addition studies, its time point of action was shown
o coincide with that of ganciclovir (Evers et al., 2004).

In conclusion, the promising anti-betaherpesvirus activity of
he bicyclic heteroarylsulfone derivatives 5 and 7 makes them
nteresting lead compounds for further synthesis and develop-

ent of novel antiherpetic drugs with a novel mode of action.
lthough the exact target for their anti-betaherpesvirus activity

emains to be identified, our mechanistic data suggest that these
on-nucleoside compounds indirectly interact with a process
hat is associated with viral DNA synthesis.
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