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Genetic and biochemical data have identified at least four viral proteins essential for vaccinia virus
(VACV) DNA synthesis: the DNA polymerase E9, its processivity factor (the heterodimer A20/D4) and
the primase/helicase D5. These proteins are part of the VACV replication complex in which A20 is a cen-
tral subunit interacting with E9, D4 and D5. We hypothesised that molecules able to modulate protein-
protein interactions within the replication complex may represent a new class of compounds with anti-
orthopoxvirus activities. In this study, we adapted a forward duplex yeast two-hybrid assay to screen
more than 27,000 molecules in order to identify inhibitors of A20/D4 and/or A20/D5 interactions. We
identified two molecules that specifically inhibited both interactions in yeast. Interestingly, we observed
that these compounds displayed a similar antiviral activity to cidofovir (CDV) against VACV in cell cul-
ture. We further showed that these molecules were able to inhibit the replication of another orthopox-
virus (i.e. cowpox virus), but not the herpes simplex virus type 1 (HSV-1), an unrelated DNA virus. We
also demonstrated that the antiviral activity of both compounds correlated with an inhibition of VACV
DNA synthesis. Hence, these molecules may represent a starting point for the development of new
anti-orthopoxvirus drugs.
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1. Introduction

Variola virus (VARV), the etiologic agent of smallpox, was
responsible of the most devastating of all infectious diseases. After
an intense campaign of vaccination to eliminate the virus world-
wide, the last natural case of smallpox was reported in 1977 in
Somalia (Geddes, 2006). In the late 70’s, the vaccination program
against smallpox had ceased in most countries which results in a
high proportion of non-immune people in today’s population.
Therefore, if used as a biological weapon, VARV could represent a
serious threat to the civilian population since no specific antiviral
treatment is yet available against orthopoxvirus infection and vac-
cination is a source of morbidity and mortality (Berche, 2001). As a
consequence, important efforts have been made, in recent years, to
develop effective new anti-poxviral agents. These compounds
would not only be precious in response to the malicious release
of VARV but could also be used to treat complications due to vac-
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cination or infections caused by monkeypox virus (MPXV) and
cowpox virus (CPXV).

Currently, for treatment of human poxvirus infections, the food
and drug administration (FDA) only allows the use of cidofovir
(CDV), a nucleoside analogue approved for the treatment of cyto-
megalovirus (CMV) retinitis in AIDS patients. CDV was shown to
block the replication of a broad range of DNA viruses in cell culture
(De Clercq, 2003) and is effective against orthopoxviruses such as
VARV, vaccinia virus (VACV), CPXV, and MPXV (De Clercq, 2002).
The efficacy of CDV was also proven, in vivo, in several animal mod-
els challenged with lethal doses of either VACV, CPXV or MPXV
(Bray et al.,, 2002, 2000; Smee et al., 2001a,b; Stittelaar et al.,
2006). Unfortunately, in case of a renewed smallpox outbreak,
the large-scale use of CDV is unrealistic because of its poor oral
bioavailability (i.e. it must be administered intravenously), and
its significant kidney toxicity. However, a promising CDV chemical
analogue (CMX001), that could be delivered orally, was shown to
retain a potent antiviral activity while being less nephrotoxic
(Parker et al., 2008). This molecule is currently under development
(phase II clinical trials) for the treatment of poxvirus infections.
Recently, ST-246, another efficient anti-orthopoxviral compound
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active in cell culture and mice has been identified (Duraffour et al.,
2007; Yang et al., 2005). Unlike CDV which targets the viral DNA
polymerase (Kornbluth et al., 2006), ST-246 interfere with the
function of F13, a viral protein involved in virion assembly and dis-
semination (Blasco and Moss, 1991; Yang et al., 2005). Clinical
studies in healthy human volunteers have shown that ST-246 does
not induce adverse effects. SIGA Technologies, Inc. will produce
and sell 1.7 million doses of the antiviral to the US Strategic Na-
tional Stockpile under Advanced Research and Development
Authority (BARDA) contract. However, despite their efficacy in ani-
mal models, CMX001 and ST-246 may not successfully pass the
clinical trials, where attrition rates are generally high. Hence, as
recommended by the WHO, it is crucial to find new treatments
and to develop new strategies to design potent inhibitors against
orthopoxviruses (WHO, 2010).

Protein-protein interactions (PPI) play a major role in most bio-
logical processes, including the successive events leading to the
production of viruses from infected cells. In that particular case,
protein interactions occur between cellular and virus-encoded
components or between viral proteins themselves. Theses interac-
tions are involved in all steps of the virus life cycle such as entry,
replication (see below), assembly, egress, and many of them are
potential targets for antiviral agents (Loregian et al., 2002). Inhib-
itors of such interactions present some advantages over more clas-
sical compounds designed to inhibit the enzymatic activity of a
protein target. Indeed, the complementarity of protein-protein
interfaces is such that it gives the possibility to discover small mol-
ecules that will interfere with the interaction in a highly specific
manner (Laudet et al., 2007). Furthermore, resistance to these mol-
ecules is unlikely since a mutation on the binding interface of one
of the partners would require a simultaneous compensatory muta-
tion on the other partner to restore the interaction (Loregian and
Palu, 2005). In contrast, a single mutation often suffices to lead
to drug resistance against active site-directed inhibitors. This is
what was observed with CDV where mutations at position 314 or
684 in the VACV DNA polymerase induced viral resistance (Andrei
et al., 2006).

Poxviruses are unique among DNA viruses in that they replicate
exclusively in the cytoplasm of the host cell. DNA synthesis takes
place in so-called ‘viral factories’ which consist of cytoplasmic foci
located at the periphery of the nucleus (Moss, 2007). Because they
do not rely on nuclear enzymes, poxviruses encode most if not all
the proteins necessary for genome replication. Among these pro-
teins, four were shown to be essential and directly involved in
the synthesis of the ~200 kbp genome. For VACV these are: E9,
the catalytic subunit of the DNA polymerase, D5, a DNA-indepen-
dent nucleoside triphosphatase (NTPase) that contains a helicase
domain (Boyle et al., 2007) and a primase activity (De Silva et al.,
2007), D4, an uracil DNA glycosylase and A20, a central component
whose role is likely to assemble and/or stabilize the complex
formed by these four proteins. The heterodimer formed by A20
and D4 was shown to act as a processivity factor for the viral
DNA polymerase (Stanitsa et al., 2006). Through the direct interac-
tion between A20 and E9 (Klemperer et al., 2001), the three pro-
teins assemble the processive DNA polymerase holoenzyme.
Yeast-two hybrid experiments have also revealed that D5 interacts
with a central domain of A20 (Ishii and Moss, 2002; McCraith et al.,
2000). Thus, the discovery of molecules able to disrupt PPI within
the replication complex, and particularly the interactions between
A20 and its viral partners, could represent an excellent strategy to
develop effective antiviral drugs against orthopoxviruses.

In this study, a high-throughput (HTP) screening of small mole-
cules was carried out to identify compounds capable of modulating
A20 interaction with D4 and/or D5 proteins. The screen was based
on an automated dual-luminescence yeast two-hybrid assay, per-
formed in 384-well plates (Baines and Colas, 2006; Nieuwenhuij-

sen et al., 2003). This duplex assay performed with two luciferase
reporter genes (firefly and Renilla) enabled us to screen, simulta-
neously, two different yeast strains, each one hosting a distinct pair
of interacting proteins (i.e. A20/D4 and A20/D5).

Screening of a collection of ~27,000 compounds from diverse
commercial libraries led to the identification of two molecules that
inhibit VACV in cell culture. These compounds display a similar
antiviral activity than CDV and are also good inhibitors of CPXV
replication. However, in contrast to CDV, they do not inhibit
HSV-1 growth, thus demonstrating a good specificity. We further
showed that, as expected, the two molecules interfere with VACV
DNA synthesis.

2. Materials and methods
2.1. Materials

Small-molecule compounds used in this study were purchased
from Prestwick (Illkirch), Nanosyn (Santa Clara), Tripos (St. Louis)
and Chembridge (San Diego) chemical libraries. Compounds
10,295 and 8776 were purchased from ASDI Biosciences (Newark,
DE) (vendor ID, 150003007) and LifeChemicals (Burlington, Can-
ada) (vendor ID, F0035-0015) respectively. Cidofovir (HPMPC, Vis-
tide™) was synthesized at, and provided by Gilead Sciences (Foster
City, CA). The yeast strains and yeast two-hybrid plasmids used in
this study were described in detail elsewhere (Bardou et al., 2009).

2.2. Cells and viruses

Vero cells (African green monkey kidney cells, ATCC CCL-81)
and A549 cells (human lung carcinoma cell line, ATCC CCL-185)
were grown in M199 medium and F12K medium (Gibco, Invitrogen
Corporation, UK), respectively, supplemented with 10% foetal calf
serum (FCS) and maintained at 37 °C in a 5% CO, atmosphere.
BHK21 cells (baby hamster kidney, ATCC CCL10) were cultured in
Glasgow minimum essential medium GMEM (Gibco, Invitrogen
Corporation) containing 10% FCS, 10% tryptose phosphate (Sig-
ma-Aldrich, St Quentin-Fallavier, France) and 50 mM HEPES (Gib-
co, Invitrogen Corporation) at 37 °C in 5% CO, atmosphere. HeLa
cells (human cervical carcinoma, ATCC CCL-2) were propagated
in Minimum essential medium (MEM, Gibco, Invitrogen Corpora-
tion) with 1% non essentials amino acids (Gibco, Invitrogen Corpo-
ration), 1% L-glutamine (Gibco, Invitrogen Corporation), 1% sodium
pyruvate (Gibco, Invitrogen Corporation), 10% FCS and were incu-
bated at 37 °C with 5% CO,.

VACV strain Lister (provided by Sanofi-Pasteur, batch number
X55-33), CPXV strain Brighton (ATCC VR 302) and HSV-1 (kindly
provided by Pr. Jean-Marie Seigneurin, La Tronche, France), were
grown on Vero cells.

2.3. Plasmid constructions

pLP4-D4R plasmid, which carries a CEN/ARS origin of replica-
tion, was constructed by PCR amplification of the D4R gene from
VACV (Copenhagen strain) DNA using the primers 5-TCT GAA
TTC ACC ATG AAC TCA GTG ACT GTA TCA CAC G-3' and 5'-CTC
CTC GAG TCA ATA AAT AAA CCC TTG AGC CCA ATT TAT AG-3'.
The PCR fragment was cleaved and ligated into the EcoRI/Xhol-
cleaved pLP4, to obtain a plasmid that directs the galactose-induc-
ible expression of a B112-NLS-D4 fusion protein (prey). pLP2-D5R,
a high-copy number plasmid (2 replication origin), was con-
structed by subcloning the D5R gene from pWP2-D5 plasmid (Sac-
cucci et al., 2009) into the Xhol/EcoRI-cleaved pLP2, to obtain a
plasmid that directs the galactose-inducible expression of a
B112-NLS-D5 fusion protein (prey). pHA1-A20R plasmid (CEN/
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ARS) was obtained by subcloning the VACV A20R gene from previ-
ously described pEG202-A20 vector (Saccucci et al., 2009) into the
Xho1/EcoR1-digested pHA1, to obtain a plasmid that directs the
constitutive expression of a LexA-A20 fusion protein (bait).

2.4. Construction of luciferase reporter yeast strains

All yeast transformations were performed as described (Bardou
et al, 2009). To generate the firefly luciferase reporter strain,
TB50a erg6 yeast were sequentially transformed with pRAP-Col
(Bardou et al., 2009), pLP4-D4R and pHA1-A20R vectors. Similarly,
the Renilla luciferase reporter strain was obtained by co-transfor-
mation of TB50a erg6 yeast with pRAP-Ren (Bardou et al., 2009),
pLP2-D5R and pEG202-A20R vectors.

2.5. High-throughput dual luciferase screening

Screening was performed on a PerkinElmer robotic automated
platform composed of the following parts: an Evolution™ P preci-
sion pipetting platform, a FlexDrop™ Precision Reagent Dispenser
and an EnVision® Multilabel plate readers (Perkin Elmer, Shelton,
CT). Screening was carried out in 384-well plates, essentially as
previously described (Bardou et al., 2009). Yeasts were incubated
for 6 h in presence of galactose and small-molecules (10 pM final
concentration). Using both positive and negative controls the sta-
tistical parameter Z', assessing the quality of the screen was calcu-
lated (Bardou et al., 2009). For each plate tested during the course
of the screen, Z' values were always >0.5.

2.6. Yeast two-hybrid inhibition specificity assays of compounds 8776
and 10,295

Two TB50a erg6 yeast strains carrying the plasmid combina-
tions pLP2-D5R/pEG202-A20R/pRAP-COL and pLP4-D4R/pHA1-
A20R/pRAP-COL were tested together with a yeast strain hosting
an unrelated control interaction and also carrying the pRAP-COL
reporter plasmid (A. Hamdi and P. Colas, unpublished results).
Compounds 8776, 10,295 and 3C11 (specific inhibitor of the con-
trol interaction) were incubated at 10 uM with yeast. After 4 h
incubation in the presence of 2% galactose the luminescence signal
was quantified as described (Bardou et al., 2009). The percentage of
luminescence inhibition was calculated by the ratio between the
signals obtained in presence of compounds and the signals ob-
tained without molecule. Each point was done in triplicate.

2.7. Cytotoxicity assay

Cytotoxicity assays were performed using the Cell Proliferation
Reagent WST-1 (Roche Applied Science, Indianapolis, IN) following
the manufacturer’s protocol. Briefly, cells were seeded in 96-well
plates at a density of 5 x 10* cells/well in 100 pl cultured medium.
One day after, cell supernatants were removed and cells were trea-
ted for 24 h at 37 °C with different concentrations of compounds
diluted in medium. As a control, cells were grown in M199 med-
ium with DMSO at an equivalent concentration to that present in
the medium containing the highest concentration of compound
tested. Then, 10 pl of WST-1 reagent were added to each well
and the plates were incubated at 37 °C for 30 min. Absorbance
was measured at 450 nm. Each compound was tested in triplicate
in 2-fold serial dilutions. Cytotoxicity was determined as the ratio
of absorbance between treated cells and non-treated cells. The
CCsp (concentration required to reduce cell viability by 50%) was
calculated as the mean of two independent experiments using
the GraphPadPrism version 4.00 software (GraphPad Software,
San Diego California, USA) for non linear regression.

2.8. Antiviral assays

2.8.1. Viral plaque reduction assay

Confluent monolayers of Vero cells in 24-well plates were in-
fected with 50 plaque forming units (PFU)/well of VACV in M199
medium. After 1 h of incubation, cells were washed and then culti-
vated with M199 medium supplemented with 0.4% FCS or treated
with 0.4% FCS M199 medium containing various concentrations of
compounds. One day post-infection, cells were fixed and stained in
a solution of 1.95 g/ of crystal violet, 4% formaldehyde and 7% eth-
anol. Each well was rinsed, dried and plaques were counted under
the light microscope. Each compound was tested in quadruplicate
in 2-fold serial dilutions. The 50% effective concentration (ECsg),
defined as the concentration of molecule required to reduce plaque
number by 50%, was calculated as the means from two indepen-
dent experiments.

2.8.2. Virus yield reduction assay

Confluent Vero cells grown in 24-well plates were infected with
VACV, CPXV or HSV-1 at an MOI of 0.01 in M199 medium. The viral
inoculums were removed 1 h post-infection, cells were rinsed in
medium and then treated with different concentrations of com-
pound 10,295 or 8776 or cultivated in M199 medium supple-
mented with 0.4% FCS at 37°C in a 5% CO, atmosphere. Each
compound was tested in quadruplicate in 2-fold serial dilutions.
Virus titration was performed 24 h post-infection, on Vero cells,
in 96-well microtiter plates as already described (Ferrier et al.,
2004). The ECsg was calculated as the means from two indepen-
dent experiments.

2.9. Quantification of viral DNA synthesis

Vero cells, seeded in 24-well plates, were infected with VACV at
an MOI of 1. One hour post-infection, monolayers were washed
twice and treated with antiviral compounds (50 pM of compound
8776, 25 uM of compound 10,295 or 50 uM of CDV) or cultivated
with fresh media supplemented with 0.4% FCS (and with 0.1%
DMSO) at 37 °C in a 5% CO, atmosphere. Infected cells were har-
vested at 3, 6, 9 and 15 h post-infection. Medium was removed
and cells were lysed following 3 cycles of freezing and thawing
in 200 pl of PBS 1X. Total DNA was extracted using the QIlAamp
DNA mini kit (Qiagen) with a proteinase K digestion step (56 °C,
30 min), according to the manufacturer’s instructions. Lysates
were loaded on a Qiacube instrument (Qiagen). DNA was eluted
in 200 pl DNase free water and was stored at —20 °C until PCR
amplification. qPCR were performed in duplicate on a Lightcycler
(Roche Applied Science) using 5 pl of diluted total DNA (1/200)
in a 20 pl final volume. VACV qPCR assay was described elsewhere
(Scaramozzino et al., 2007). DNA standards, primer design, optimi-
zation and specificity checking were done as described previously
(Peinnequin et al., 2004). Normalization was carried out using the
geometrical mean of 2 validated standards targeting mitochondrial
DNA (mtDNA) and a repeated chromosomic DNA sequence (aluSx)
(Poyot et al, manuscript in preparation). qPCR were carried out
with LC Fast Start DNA Master SYBR Green kit (Roche Applied Sci-
ence) using 4 mM MgCl,, 0.4 uM of each primer. PCR were per-
formed for 50 cycles at 95°C for 20s, 59 °C for 5s and a final
step of 8 s at 72 °C, with the following primers: mtDNA, 5'-GGA
CTA ACC CCT ATA CCT TCT GCA T-3' and 5'-CGG GTG TGC TCT
TTT AGC TGT-3' (AY612638); aluSx 5'-ACA TGG TGA AAC CCC
GTC TTT AC-3’ and 5-TGA CGT GAT CTC AGC TCA CTG TAA C-3'
(consensus of AF190116, AF190117 and AY497013). Quantification
cycles (Cq) values were calculated from the Light Cycler Software
v.3.5 (Roche Applied Science) using the second derivative maxi-
mum method. Data are presented as means + SEM. A 1-way analy-
sis of variance was used to evaluate the global effect. When
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appropriate, the Newman-Keuls post hoc test was used for inter-
group comparisons. Statistical significance was accepted for
p<0.05.

3. Results

3.1. Yeast two-hybrid small-molecule screening against A20/D4 and
A20/D5 interactions

The duplex assay developed in this study allowed the quantifi-
cation, in a single well, of two interaction phenotypes, produced by
the A20/D4 and A20/D5 protein interactions that are formed in two
yeast strains carrying the firefly (luc) and the Renilla (ruc) luciferase
reporter genes, respectively. As depicted in Fig. 1A, the originality
of this assay relies on the fact that both interaction phenotypes
are screened at once. Thus, a small molecule interfering selectively
with the luc signal would be retained as a potential A20/D4 inter-
action inhibitor, while a hit candidate for A20/D5 interaction inhi-
bition would specifically inhibit the ruc signal. Usually, a
compound interfering with both bioluminescent reporters would
be discarded without further analysis and considered as toxic to
yeast (Bardou et al., 2009). However, in this particular assay, one
cannot exclude the possibility that molecules interfering with both
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signals could interact with A20, induce a conformational change
and alter both interactions (Fig. 1A). Since yeast permeability to
drugs is a recurrent concern, an ergb Saccharomyces cerevisiae
strain, carrying a mutation in the ergosterol biosynthetic pathway
(which enhances membrane permeability) was used (Mukhopad-
hyay et al., 2002).

Prior to starting the screening, a yeast two-hybrid pilot assay
was performed in order to quantify the luciferase signals produced
upon A20/D4 and A20/D5 interactions in yeast. The aim of this pre-
liminary experiment was to select yeast two-hybrid expression
plasmids that produced similar two-hybrid phenotypes (i.e. com-
parable [uc and ruc signals) (Bardou et al., 2009). Indeed, we and
others reported a strong interaction phenotype for A20/D4 and a
weak yeast two-hybrid phenotype for A20/D5 (Ishii and Moss,
2002; Saccucci et al., 2009). To adjust the bioluminescent signals,
a series of constructs expressing A20, D4 and D5 yeast two-hybrid
fusion proteins were built in plasmids containing either a high-
copy (21) or a low-copy CEN/ARS-replication origin and the inter-
action phenotypes obtained from the different combinations were
tested (data not shown). This effort allowed us to identify two plas-
mid combinations that produced comparable yeast two-hybrid
phenotypes and were thus suitable for the following small-mole-
cule screening (Fig. 1B).
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inhibition of either luc and/or ruc signals

[ 148 compounds ]

Selected molecules were re-tested in quadruplicates
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Fig. 1. Dual luminescence yeast two-hybrid screen. (A) An equal volume of two TB 500 erg6 yeast populations expressing A20/D4 and A20/D5 were loaded in 384-well plates.
A20 is fused to the DNA-binding domain of LexA transcription factor while D4 and D5 are fused to the B112 transcriptional activation domain. Protein interactions were
allowed to form in presence of compounds during 6 h at 30 °C. Light emission catalyzed by firefly (luc) and Renilla (ruc) luciferases, upon reporter gene activation, was then
monitored. In panel (i) the compound tested produces no effect on either yeast two-hybrid phenotype and is discarded. In (ii and iii), the molecules inhibit selectively A20/D5
and A20/D4 and are retained as potential inhibitors of A20/D5 and A20/D4 interaction respectively. The yeast two-hybrid phenotype observed in (iv) maybe the result of a
toxic compound or a molecule interacting with A20 and thus interfering with both A20/D4 and A20/D5 interactions. This compound must be selected for further analysis. (B)
Selection of yeast strains expressing two couples of interactions that produced similar two-hybrid phenotypes (i.e. similar luc and ruc signals). Two yeast strains carrying the
plasmid combinations pLP4-D4R/pHA1-A20R/pRAP-COL and pLP2-D5R/pEG202-A20R/pRAP-Ren showed comparable luminescence signals when tested in conditions similar
to the ones used for small molecules screening (i.e. 6 h galactose induction). (C) Flowchart highlighting the different steps leading to the selection of two compounds with

anti-orthopoxvirus activities.



O. Flusin et al./Antiviral Research 96 (2012) 187-195 191

3.2. High-throughput yeast two-hybrid screening

A total of 27,271 compounds selected from commercial libraries
(i.e. Prestwick, Nanosyn, Tripos and Chembridge) were chosen in
order to test a wide range of chemically diverse molecules. All
inhibitors were tested at a single concentration of 10 uM. Using
both positive and negative controls, the statistical parameter 7/,
assessing the quality of the screen, was calculated. A value >0.5
validates the screening assay (Zhang et al., 1999). For each plate
tested during the course of the screen, Z' values always ranged be-
tween 0.6 and 0.8, thus establishing the very good quality of the
HTP yeast two-hybrid screening presented here. 148 compounds
displaying >40% inhibition of either luc and/or ruc signals were
selected and re-tested in quadruplicates. Inhibition of yeast two-
hybrid phenotypes was confirmed for 66 molecules, which corre-
sponds to a rather common attrition rate for such a HTP cellular
screening assay. Among the 66 compounds, 12 inhibited both yeast
two-hybrid interaction phenotypes. Upon analysis of molecule
structures, we retained 33 compounds that presented low pre-
dicted toxicity, favorable predicted stability, and a good specificity
profile (i.e. molecules that produced significant inhibition of unre-
lated PPI, in previous screening campaigns, were discarded). These
compounds were then tested for inhibition of VACV infectivity in
cell cultures and two of them (8776 and 10,295) were selected
for further analysis.

To confirm the inhibition of A20/D4 and A20/D5 interaction
phenotypes in yeast and to further verify their specificity, both
molecules were ‘manually’ tested against our two protein interac-
tion targets and against a control protein interaction, for which an
inhibitor, 3C11, has been identified using a similar screen (A. Ham-
di and P. Colas, unpublished results). As shown in Fig. 2A, both A20/
D4 and A20/D5 interaction phenotypes were inhibited by the two
compounds, each compound inhibiting both phenotypes to a sim-
ilar extent (~75% for 8776 and ~50% for 10,295). As expected, both
compounds did not interfere notably with the control interaction
(~20% inhibition). Accordingly, compound 3C11 did not interfere
with A20/D4 and A20/D5 interaction phenotypes (~20% inhibition)
but inhibited its own target interaction phenotype to >90%. Thus,
using the yeast two-hybrid screen described above, we identified
two candidate molecules able to interfere with A20/D4 and A20/
D5 interactions. Since the inhibition of both interactions was tested
independently, these results suggest that the two molecules inter-
act with A20 and consequently inhibit its interaction with both D4
and D5. The structures of compounds 8776 and 10,295 are shown
in Fig. 2B.

3.3. Antiviral activity of compounds 8776 and 10,295 on VACV

We first investigated the activity of both compounds in a plaque
reduction assay. To obtain readily countable plaques, Vero cells
were infected with 50 PFU of VACV for 24 h. Fig. 3A shows the
dose-response curves obtained with the two selected molecules
and with CDV, used as a control. As expected, CDV inhibited VACV
growth and in our assay, we determined that the effective concen-
tration of CDV needed to inhibit plaque formation by 50% (ECsg)
was 23 uM (Fig. 3C). Interestingly, we observed that compounds
8776 and 10,295 both inhibited VACV replication with a compara-
ble efficiency as CDV, exhibiting ECsq values of 14.8 and 18.6 uM,
respectively (Fig. 3C). We then evaluated the inhibitory effect of
compounds on virus yield. In this experiment, Vero cells were in-
fected at a multiplicity of infection of 0.01 in the presence of inhib-
itors. Again, we showed that in this assay, compounds 8776, 10,295
and CDV have similar inhibitory activities on VACV replication
with ECsq values of 15.8, 19.1 and 15.4 uM, respectively (Fig. 3B
and C).
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Compound 8776 Compound 10295 Compound 3C11

Lo O

Compound 8776 (FW 237.3) Compound 10295 (FW 280.8)

Fig. 2. Identification of inhibitors targeting the VACV replication complex. (A)
Inhibition of yeast two-hybrid luminescent phenotypes of yeast expressing A20/D4,
A20/D5, or two unrelated interacting proteins in response to compounds 8776,
10,295 or 3C11 (specific inhibitor of control interaction). Each molecule was used at
10 pM. Quantification of luminescence signals was performed 4 h after galactose
induction. This experiment was performed in triplicates and results are expressed
as the ratio of luciferase activity in presence of molecule relative to luciferase
activity without compound and reported as mean + SD from three samples. NB: in
this experiment, interactions were formed in yeast strains carrying the firefly (luc)
luciferase reporter gene (see Section 2). (B) Compound 8776 (FW 237.3): 1-
adamantylmethyl ethycarbamate. Compound 10,295 (FW 280.8): 1-chloro-4-[(4-
ethylphenyl) sulfonyl] benzene.

Compound toxicity was measured in various cell lines and the
CCsp values were determined 24 h post-treatment. As highlighted
in Table 1, for both compound, toxicity varies significantly across
cell lines. However, CCsq values for both selected molecules are
lower than that of CDV for all tested cell lines. The selectivity index
(SI) in Vero cells, calculated as the ratio of the CCs for cell viability
and ECsg for virus replication is reported in Fig. 3C.

3.4. Antiviral activity of compounds 8776 and 10,295 on CPXV and
HSV-1

Our two inhibitors were identified for their ability to interfere
with VACV A20/D4 and A20/D5 interactions. Among the Orthopox-
virus genus, these proteins share 98% sequence identity. Thus, com-
pounds 8776 and 10,295 should retain their antiviral activities
against other orthopoxviruses and therefore be inefficient against
unrelated viruses. To test this hypothesis, CPXV or HSV-1 infected
Vero cells were treated with our molecules or with CDV. Fig. 4A
shows that compound 8876 efficiently inhibited CPXV replication
with an ECsq value of 20.5 pM, similar to the value observed for
VACV (15.8 uM, Fig. 3C). However, it did not interfere with HSV-
1 growth, even at the highest tested concentration (50 uM). Similar
results were obtained with compound 10,295 (Fig. 4B). It inhibited
CPXV at an estimated ECsq value of 16.5 uM and had no antiviral
activity on HSV-1. In contrast, CDV, as expected, potently inhibited
HSV-1 growth with an ECsg value of 0.4 uM (Fig. 4C), which is in
accord with values previously reported (Hockova et al., 2011). Fi-
nally, we showed that CPXV replication was inhibited to the same
extent as VACV upon treatment with CDV (ECsq value of 14.3 uM,
Fig. 4C). These experiments highlight the specificity of compounds
8776 and 10,295 as anti-orthopoxvirus inhibitors.
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Fig. 3. Inhibition of VACV growth by compounds 8776, 10,295 and CDV. (A) Vero cells infected with VACV were treated with either molecule at the concentrations indicated.
Plaques were counted 24 h post-infection. (B) Vero cells were infected with VACV and treated with either molecule at the indicated concentrations. Virus yields were
determined by virus titration 24 h post-infection. Results are reported as number of plaques (or virus yield) obtained in treated cells relative to number of plaques (or virus
yield) obtained in non-treated infected cells. Experiments were performed in quadruplicate and repeated at least twice. (C) ECso and selectivity index (SI) values calculated
from the experiments described in (A and B). (a) concentration required to reduce plaque number by 50%. (b) Concentration required to reduce viral yield by 50%. (c)

Selectivity index (i.e. CC50/EC50).

Table 1
Toxicity of compounds 8776, 10,295 and CDV on various cell lines.
Compound CCsp® (UM)
Vero cells BHK-21 cells A549 cells Hela cells
8776 85.2+3.5 >200 23.1+2.8 38.9+103
10,295 31.3+2.2 65.3+8.8 9.6 +0.4 16.2+1.3
CDV >400 >200 >200 >200

¢ CCso, concentration required to reduce cell viability by 50%.

3.5. Inhibition of VACV DNA synthesis by compounds 8776 and 10,295

We next wanted to investigate if the inhibition of VACV growth
was correlated with a decrease in viral genome synthesis. Vero
cells were infected at an MOI of one and genome synthesis was
quantified by qPCR at different time points up to 15 h post-infec-
tion (p-i). The results shown in Fig. 5 indicate that in cells treated
with compounds 8776 and 10,295, a decrease in viral genome
accumulation was detectable as soon as 6 h p-i. The level of DNA
synthesis inhibition remained then relatively constant up to 15 h
p-i reaching a maximum of ~50% and ~40% inhibition with mole-
cules 8776 and 10,295, respectively. As expected, CDV, which tar-
gets the VACV DNA polymerase E9, produced also an inhibitory
effect on genome synthesis. However, we observed that this effect
was delayed compared to that induced by inhibitors 8776 and
10,295 and was only detectable 15 h p-i. In our experiment, at
15 h p-i, inhibition of VACV replication by CDV reached ~40%,
which is comparable with data published earlier (Jesus et al.,
2009) and with the inhibition induced by our inhibitors.

4. Discussion

There is still a need to develop new strategies to design inhibi-
tors with different and original mechanisms of action that would
enlarge the armamentarium of therapeutic compounds against

orthopoxviruses and particularly smallpox virus. Currently, except
for CDV which has been used off-label, there is no licensed antiviral
molecule to treat orthopoxvirus infections. CDV as well as other
inhibitors targeting VACV DNA polymerase (E9) are potent inhibi-
tors of VACV replication both in vivo and in vitro. However, treat-
ment of infected cells with increasing concentrations of these
compounds leads to the selection of drug-resistant viruses (at least
in vitro) bearing mutations in the E9L gene (Andrei and Snoeck,
2010). Genetic and biochemical data have demonstrated that sev-
eral VACV proteins are involved in viral genome replication.
Among these proteins E9, A20, D4 and D5 have been shown to
be essential subunits of the viral polymerase complex (Moss,
2007). Therefore, interfering with the PPIs within the VACV replica-
tion complex should inhibit DNA synthesis and offer a valuable
strategy to develop a new class of anti-orthopoxvirus drugs.

Inhibitors of PPIs have recently emerged as new tools to modu-
late protein functions within various classes of targets, and it has
become clear that they have a great therapeutic potential. A couple
of these molecules are already in clinical use (Cheok et al., 2011;
Veselovsky et al., 2007). Inhibition of PPI with small molecules
has also been proved to represent a valid strategy to interfere with
virus infections. The targeted interactions may occur between a
viral and a host protein (Betzi et al., 2007; Briz et al., 2006) or be-
tween two viral proteins (White et al., 2011). The discovery of
compounds targeting the subunit interactions of HSV and CMV vir-
al DNA polymerase has been reported (Loregian and Coen, 2006;
Pilger et al., 2004). In these studies, a HTP screen based on fluores-
cence polarization was developed. This allowed the selection of
inhibitors targeting the interaction between the processivity sub-
unit and a peptide corresponding to the C-terminal catalytic do-
main of both viral DNA polymerases. These compounds were
further shown to be potent inhibitors of viral replication.

In our study, we have adapted a duplex forward yeast two-hy-
brid assay that was initially designed to discover small-molecule
inhibitors of interactions between target proteins and peptide
aptamers (Baines and Colas, 2006). Our successful screening vali-
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dates this assay as a powerful method to discover inhibitors of PPIs.
It presents valuable advantages as compared to other in vitro or
cellular screening methods (Colas, 2008). It entails a rather short
and easy development effort for each PPI to be screened, its cost
is competitive and the high sensitivity of the luminescent reporters
enables the use of small volumes of yeast suspensions, compatible
with HTP screening. Moreover, as compared to other forward yeast
two-hybrid assays, it allows to screen against non-preformed PPIs,
since the expression of one of the two interacting partners (the
prey) is induced immediately after adding the small-molecules.
This key feature enhances hit rates, since it has been shown that
some molecules can prevent the formation of protein complexes
but cannot disrupt preformed complexes (Corbel et al., 2011).

More generally, our successful screening brings yet another dem-
onstration of the usefulness of yeast two-hybrid methods in drug
discovery, and more specifically in the discovery of small-molecule
modulators of PPIs (Hamdi and Colas, 2012).

Usually, this duplex screening assay involves two different pairs
of interacting proteins, which facilitates the selection of potential
hit candidates, on the basis of the selective inhibition of one of
the two interaction phenotypes. However, here, A20 was a com-
mon interaction partner for the two interactions, and we could
not immediately discard molecules that inhibited both interaction
phenotypes, in the hypothesis that some of them could bind to A20
and trigger a conformational change that may affect both interac-
tions with D4 and D5. The only hit molecules retained from this
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first screening campaign seem to exhibit this mechanism of action
and we did not identify molecules that specifically inhibit A20/D4
or A20/D5 interactions.

The two identified molecules described in this report inhibited
VACV growth in vitro with an ECsg value similar to CDV. In another
recent study, Schormann et al., used a different screening assay (i.e.
AlphaScreen), to identify compounds inhibiting the interaction be-
tween A20 and D4 (Nuth et al.,, 2011; Schormann et al., 2011).
Remarkably, they also observed that their molecules, although
chemically unrelated to ours, had an antiviral activity on VACV
comparable to CDV (Schormann et al., 2011). This reinforces the
idea that developing inhibitors of PPIs involved in VACV DNA syn-
thesis may represent a promising alternative to the more classical
inhibitors of the viral DNA polymerase activity. However in both
studies, it was observed that the selected compounds, belonging
to commercial libraries, were significantly more cytotoxic than
CDV. Thus, further medicinal chemistry efforts including lead opti-
mization, pharmacokinetic and toxicologic studies will be neces-
sary before their use as potential therapeutic agents.

As shown in Fig. 5, the selected molecules like CDV displayed a
relatively low but significant inhibition of VACV DNA synthesis.
The weak reduction of virus DNA accumulation upon CDV treat-
ment has already been documented and is associated with defects
in VACV morphogenesis (Jesus et al., 2009). It has been hypothe-
sized, that incorporation of CDV in the DNA strands could induce
alteration in DNA structure leading to genome encapsidation inhi-
bition. Although molecules 8776 and 10,295 differ from CDV in
their mechanism of action, we can not exclude the possibility that
their effect on virus DNA synthesis may also affect later steps of the
VACV life cycle.

In our assay, A20 is a common subunit of the two targeted PPIs.
Since the identified molecules seemed to interfere with both inter-
actions, it is tempting to hypothesise that they interact with A20
and cause structural perturbations that inhibit the binding of D4
and D5. Inhibitors of PPIs may act either by direct blocking of the
protein—protein interface or through binding to an allosteric site
inducing conformational changes in the protein target (Arkin and
Wells, 2004). Our data favour the latter hypothesis. Proteins with
multiple interacting partners are known to be flexible and to un-
dergo conformational changes when forming interactions (Higur-
ashi et al., 2008). A20, which interacts with D4 and D5, was also
shown to bind to E9 and another viral protein H5 (Ishii and Moss,
2002; Klemperer et al., 2001). Our results further validate A20 as a
pertinent target of VACV replication inhibitors (Saccucci et al.,
2009).

The two compounds described herein add to a short but rapidly
expanding list of small molecules that can specifically modulate
PPIs (Morelli et al., 2011). They represent a good starting point
for the future development of new anti-orthopoxvirus drugs.
Screening for inhibitors of PPIs within the viral replication machin-
ery is a promising strategy to identify inhibitors against other viral
infections. More generally, the systematic exploration of viral
interactomes and of viral-host interactomes by proteome-wide
yeast two-hybrid screening efforts keep unveiling PPIs that play
essential roles in viral pathogenicity and thus represent potential
therapeutic targets (Khadka et al., 2011; McCraith et al., 2000; Sha-
pira et al., 2009; von Brunn et al., 2007). It can be anticipated that
this vast, promising reservoir of targets will be increasingly
exploited to discover next-generation anti-viral therapeutics.
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