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Variola virus, the causative agent of smallpox, is a potential bioweapon. The development of new antiviral
compounds for smallpox prophylaxis and treatment is critical, especially because the virus can acquire
resistance to the drugs that are currently available. We have identified novel small chemical inhibitors that
target DNA synthesis of vaccinia, the prototypical poxvirus. Robotic high-throughput screening of 49663
compounds and follow-up studies identified very potent inhibitors of vaccinia DNA synthesis, with IC50

values as low as 0.5 µM. Cell-based assays showed that 16 inhibitors effectively blocked vaccinia infection
with minimal cytotoxicity. Three inhibitors had selectivity indexes that approximate that of cidofovir. These
new non-nucleoside inhibitors are expected to interfere with components of the vaccinia DNA synthesis
apparatus that are distinct from cidofovir. On the basis of the high sequence similarity between the proteins
of vaccinia and variola viruses, these new inhibitors are anticipated to be equally effective against smallpox.

Introduction

Poxviruses are large, double-stranded DNA viruses that
replicate solely within the cell cytoplasm.1 The most famous
member of the poxvirus family is variola virus, the causative
agent of smallpox. Our knowledge of poxvirus biology has been
largely obtained through studying the vaccinia virus. This
prototypical poxvirus, which shares over 97% amino acid
sequence identity with variola,2,3 was used as the vaccine in
the global immunization campaign that successfully eradicated
smallpox in 1980.4

While smallpox no longer occurs in the natural world,
reintroduction of the virus as a bioweapon could trigger a
pandemic, as more than half of the world’s current population
is not vaccinated. In the event of widespread exposure, potent
antiviral therapeutics could serve as the first line of defense.
The drugs currently recommended for short-term prophylaxis
and emergency treatment against smallpox are cidofovir (CDV)
and 4-trifluoromethyl-N-(3,3a,4,4a,5,5a,6,6a-octahydro-1,3-di-
oxo-4,6-ethenocycloprop[f]isoindol-2(1H)-yl)-benzamide (30).

(S)-1-(3-Hydroxy-2-phosphonylmethoxypropyl)cytosine,5,6

CDV,a is a phosphonate analogue of cytosine that targets viral
DNA polymerase by acting as a chain terminator of nucleotide
incorporation.7 CDV has a broad-spectrum antiviral activity,
proving to be effective against many poxviruses and herpesvi-
ruses. However, the oral bioavailability of CDV is low and
intravenous administration leads to nephrotoxicity.8 CDV’s poor
cellular absorption is due to the presence of two negative charges
on the phosphonate group.9 Neutralization of these negative
charges by esterification with lipophilic groups has resulted in
prodrugs with significantly enhanced oral bioavailability.10-12

A drug more recently approved for the prevention and
treatment of smallpox is 30 (ST-246, SIGA Technologies),
which targets the P37 protein of vaccinia, a membrane
component required for the formation of extracellular viral
particles.13 Compound 30 was shown to inhibit the growth of
multiple orthopoxviruses in cell cultures, including two strains
of variola virus.14 Compound 30 was effective in protecting
against viral spread when administered orally to mice challenged
with lethal doses of cowpox, vaccinia, or ectromelia virus.13,15

However, as is often the case, the use of single therapeutics
can lead to the emergence of resistant strains. Indeed, poxviruses
resistant to CDV or 30 have been generated in cell culture.13,16,17

This raises the concern that poxvirus strains can be easily
produced by genetic manipulation to become unresponsive to
the therapeutics currently available. One means of circumventing
this problem is to have in place several therapeutics directed
against different viral targets. Viable new viral targets include
the replicating proteins of vaccinia, comprising DNA polymerase
(E9),18 processivity factor (A20),19 uracil DNA glycosylase
(D4),20,21 DNA-independent nucleoside triphosphatase (D5),22

and serine/threonine protein kinase (B1).23,24 Because the amino
acid sequences of the viral DNA polymerase and its accessory
proteins are highly conserved among poxviruses, drugs that
target vaccinia DNA synthesis are predicted to inhibit variola
DNA synthesis.

Previously we developed a rapid plate assay to screen for
inhibitors of viral DNA synthesis.25 This in vitro assay was used
to identified chemical inhibitors of Kaposi’s sarcoma-associated
herpesvirus processive DNA synthesis.26 Recently, we modified
this assay to select inhibitors that block vaccinia virus DNA
synthesis.27 Using this modified plate assay, we screened a small
library of 2000 compounds, representing a wide spectrum of
chemical structures, and identified inhibitors that were able to
block vaccinia virus infection. In this study, we adapted the
rapid plate assay for robotic high-throughput screening (HTS)
and tested 49663 compounds. We present 16 compounds that
block viral infection with low cytotoxicity. In particular, three
of the compounds had selectivity indexes that approximate that
of the nucleoside derivative CDV. However, unlike CDV, which
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is a nucleoside analogue, all of our newly identified inhibitors
are non-nucleosides, serving to extend the range and diversity
of poxvirus inhibitors and lessen the potential of generating
drug-resistant mutants.

Results and Discussions

Identification of Small Chemical Inhibitors of Vaccinia
Virus DNA Synthesis with a Rapid Plate Assay Designed
for High-Throughput Screening. We recently developed a
rapid plate assay to identify inhibitors of vaccinia virus DNA
synthesis that target the viral DNA polymerase and its associated
factors required for processivity.25,27 Briefly, a 5′-biotinylated
DNA template annealed to an oligonucleotide primer at its 3′-
end is immobilized onto streptavidin-coated wells. In the
presence of the viral polymerase and its associated factors,
dNTP’s and digoxigenin-labeled 2′-deoxy-uridine-5′-triphos-
phate (DIG-11-dUTP) are incorporated into the newly synthe-
sized DNA strand. DNA synthesis activity is measured by the
detection of digoxigenin using an enzyme-linked antibody that
generates a colorimetric reaction.

Replication of poxviruses occurs solely within the cytoplasm.1

Cytoplasmic extracts from infected BS-C-1 cells were used as
the source of vaccinia proteins for the rapid plate assay. These
cytoplasmic extracts were confirmed to be completely free of
nuclear proteins by Western blot with antibody specific for the
nuclear marker retinoblastoma protein Rb1 (Figure 1A). More-
over, cytoplasmic extracts of uninfected cells had little to no
DNA synthesis activity in the rapid plate assay, indicating that
the DNA synthesis activity of infected cell extracts was
exclusively due to vaccinia cytoplasmic proteins and not to
nuclear enzymes involved in cellular DNA synthesis (Figure
1B).

Before proceeding with the HTS, the rapid plate assay was
adapted for use with the Epson compound transfer robot (Epson
Robots, Carson, CA). DNA synthesis reactions were optimized
without inhibitors in streptavidin-coated 384-well plates. This
robotic procedure exhibited plate uniformity and no signal
variability when tested in multiple plates on different days. No
drift or edge effects were observed, and the calculated values
for signal-to-background, signal-to-noise, coefficient of variation,

and screening window coefficient (Z′-factor) validated the assay
as suitable for HTS. The robotic plate assay was reproducible,
and the Z′-factor had an excellent value of 0.95.

Next, the optimized assay was validated by testing 1520
chemical compounds with known pharmacological activities
(Supporting Information Table S1). These known bioactive
compounds are compiled in two libraries and include more than
half of the drugs currently approved by the Food and Drug
Administration. Out of the 58 compounds that blocked the
colorimetric reaction of the rapid plate assay, 39 are known to
bind DNA or inhibit DNA or RNA polymerases, which
confirmed that the assay was indeed capable of detecting
inhibitors of DNA synthesis. Interestingly, with respect to the
remaining 19 known compounds, this is the first report to reveal
that they are capable of inhibiting DNA synthesis.

The optimized robotic plate assay was then used to identify
novel vaccinia DNA synthesis inhibitors by performing a HTS
of 45832 small synthetic compounds (MW < 500) and 2311
partially purified natural extracts (Supporting Information Table
S1). In this primary screen, we identified 383 natural extracts
and 446 synthetic compounds that inhibited vaccinia virus DNA
synthesis, representing a hit rate of 1.6%. An extensive survey
of the current literature showed that the majority of these hit
compounds were never reported to function as inhibitors of DNA
or RNA synthesis. Of the total 829 hit compounds, 178 were
ranked as strong (greater than 70% inhibition), 271 were ranked
as intermediate (50-70% inhibition), and 380 were ranked as
weak (30-50% inhibition) (Supporting Information Table S1)
based on the colorimetric intensity of the read-out signal relative
to the control signal obtained with no inhibitor (DMSO alone).
Interestingly, the percentage of natural extracts that inhibited
DNA synthesis was greater than that of the synthetic compounds
(Supporting Information Table S1). Likely, the DNA synthe-
sis reaction is more vulnerable to the multitude of chemical
entities present in natural extracts than the singly purified
compounds from synthetic libraries. It is noted that the group
of synthetic compounds with known biological activities also
had a greater hit rate than the synthetic compounds from
combinatorial libraries. This is not surprising because many of
these known compounds have been shown to modulate activities
that utilize DNA (e.g., topoisomerization).

At this point, we decided to pursue only the synthetic hit
compounds because they have defined structures and are
available as purified chemicals. These synthetic hit compounds
represent a wide range of structures, which we were able to
classify into 59 different chemical families. All of the strong
and most of the intermediate inhibitors from the combinatorial
synthetic libraries were confirmed to block vaccinia DNA
synthesis upon manual retesting in the 96-well rapid plate assay
(data not shown). Follow-up studies were conducted on 93 of
the synthetic inhibitors from which all of the structural families
are represented. These compounds were evaluated for potency
in blocking vaccinia DNA synthesis in vitro, protecting cultured
cells from infection with vaccinia virus, as well as cellular
toxicity.

Potency of Hit Compounds in Blocking Vaccinia Virus
DNA Synthesis in Vitro. We determined the inhibitory
concentrations (IC50) for each of the 93 synthetic compounds.
The assay was performed in 96-well plates using conditions
similar to those used for the primary HTS. Each compound,
dissolved in DMSO, was tested in triplicate over a range of
concentrations for inhibition of DNA synthesis catalyzed by
vaccinia proteins. The percentage inhibition values were fitted
on sigmoidal dose-response curves from which the IC50 was

Figure 1. DNA synthesis activity of the vaccinia virus-infected cell
cytoplasmic extract. (A) Western blot analysis showing separation of
cytoplasmic and nuclear extracts of vaccinia virus-infected BS-C-1 cells.
Nuclear (N) and cytoplasmic (C) fractions were analyzed by Western
blot probed with a retinoblastoma monoclonal antibody (Rb1 antibody
ab24, Abcam, Cambridge, MA). Retinoblastoma, which served as a
nuclear marker, is indicated by the arrow. The cytoplasmic fraction
was free of nuclear contaminants, as the Rb1 protein could not be
observed even after gel overloading and long exposure times. (B) DNA
synthesis activity of the infected cytoplasmic extract. Shown are rapid
plate assay reactions catalyzed by uninfected cytoplasmic extract (lane
1), vaccinia-infected cytoplasmic extract (lane 2), vaccinia-infected
cytoplasmic extract in the presence of EDTA inhibitor (lane 3).
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determined. Three representative dose-response curves are
presented in Figure 2A. The IC50 values for 89 compounds
ranged from 0.5 to 400 µM, while four compounds showed less
than 50% inhibition at concentrations of 400 µM or higher
(Tables 1 and 2; Supporting Information Tables S2 and S3).

Potency of Hit Compounds in Blocking Vaccinia Virus
Infection in Vitro. The 93 DNA synthesis inhibitors were first
tested in a plaque reduction assay to determine if they could
prevent the formation of vaccinia virus plaques on BS-C-1 cell
monolayers. For the plaque reduction assay, cells were infected
at a low multiplicity of infection (moi) to generate approximately
50 vaccinia virus plaques in each well of a 48-well plate. Each
compound was tested in triplicate over a range of concentrations,
and the results were used to estimate the EC50, the effective
concentration of compound required to reduce the number of
viral plaques by 50%. The EC50 values for 75 compounds ranged
from 5 to 200 µM, while 18 compounds had no effect on the
number of plaques (Tables 1 and 2; Supporting Information
Tables S2 and S3).

Next, the 93 compounds were tested in a cell protection assay.
This assay was performed with amounts of virus capable of
lysing every cell in the culture during the 20 h incubation period.
Compounds with antiviral properties protect the cell monolayer
from infection, as determined by the cellular mass, stained for
absorbance at 570 nm. Each compound was tested in triplicate
over a range of concentrations up to 200 µM in 2-fold serial

dilution increments. Dose-dependent plots were generated by
fitting the results on four-parameter sigmoidal response curves.
These plots were used to calculate for each compound the
concentration at which 50% antiviral protection is obtained
relative to the unprotected DMSO control (Figure 2B). Twenty-
nine of the 75 compounds that were active in the plaque assay
also protected cells from viral infection with EC50 values as
low as 9.6 µM (Table 1 and Supporting Information Table S2).

While both the plaque reduction and the cell protection assays
measure the antiviral activity of compounds, they differ dramati-
cally by the amount of virus used to infect the cell monolayer.
Nevertheless, as seen in Table 1, there is an overall concordance
between the EC50 values obtained with these two assays,
confirming the efficacy of these hit compounds in blocking viral
infection.

Cellular Toxicity of Hit Compounds. The cell protection
assay presented above indirectly measures cytotoxicity in that
compounds that protect against viral infection must, a priori,
perform this function without disrupting the cells. However, to
directly assess the cytotoxicity of each of the 93 compounds,
we employed a cytotoxicity assay that measures the metabolic
activity of cells exposed to chemicals in the absence of virus.
After culturing cells in the presence of inhibitors, cell viability
was determined by spectrophotometrically measuring the reduc-
tion of a water-soluble tetrazolium salt to a dark-red formazan,
which is catalyzed by a mitochondrial activity.28 The percent
cytotoxicity relative to the DMSO control was fitted onto four-
parameter sigmoidal dose-response curves and the 50% toxic
concentration values (TC50) were determined. After 20 h, 15
compounds had negligible cytotoxicity even at the highest
working concentration of 200 µM. Not surprisingly, longer
incubation periods of 72 and 120 h led to increased cytotoxicity
(Table 1 and Supporting Information Table S2).

On the basis of the results of cell culture assays, the 93
compounds fell into 3 groups: group I consisted of 18
compounds that had no effect on cells (Table 2 and Supporting
Information Table S3); group II consisted of 46 compounds that
inhibited viral infection but were cytotoxic at similar concentra-
tions (Table 2 and Supporting Information Table S3); group III
consisted of 29 compounds that inhibited viral infection at
concentrations lower than the cytotoxic concentration (Chart
1, Table 1, and Supporting Information Chart S1 Table S2).

Of note, the 18 synthetic compounds from group I did not
have any effect in cell-based assays when tested at concentra-
tions up to 200 µM: they did not inhibit viral plaque formation,
they did not protect cells from viral infection, and they did not
show any cytotoxicity. All of these 18 compounds had tested
positive in the rapid plate assay, some of them being very potent
inhibitors of vaccinia DNA synthesis in vitro, with IC50 values
as low as 1.3 µM (Table 2). This lack of antiviral activity and
cytotoxicity is most probably due to the inability of these
compounds to permeate the cell membrane. Chemical modifica-
tions that increase lypophilicity and cell permeability may confer
antiviral activity to these in vitro DNA synthesis inhibitors and
convert them into attractive lead compounds.

Selectivity Index of Hit Compounds. The selectivity index
(SI) for each compound was calculated as the ratio between
TC50 in the 20 h cytotoxicity assay and EC50 in the cell
protection assay. Six compounds had a SI of 4 or higher, with
the most effective compound having a SI of 13, reflecting the
ability to block vaccinia virus infection at concentrations
significantly lower than those producing cytotoxicity (Table 1
and Supporting Information Table S2). Of note, the SI for many
compounds is a conservative estimate because 50% cytotoxicity

Figure 2. Inhibition of vaccinia virus DNA synthesis and antiviral
activity of 3 typical hit compounds. (A) Inhibition of vaccinia virus
DNA synthesis by each compound was tested in triplicate over a range
of concentrations in the DNA synthesis rapid plate assay. Percent
inhibition was calculated relative to the uninhibited negative control
(DMSO) and the completely inhibited positive control (EDTA). The
Prism software was used to plot the inhibitory dose-response and to
calculate the IC50 values. (B) Antiviral activity measured in the cell
protection assay. The ability of compounds to block vaccinia virus
infection in BS-C-1 cells was measured over a wide range of
concentrations. Twenty hours after infection, cells were fixed with
formaldehyde, stained with crystal violet, and the extent of antiviral
protection was quantified by measuring absorbance at 570 nm. Every
compound was tested in triplicate and the percent protection was
calculated relative to the DMSO and uninfected controls. The Prism
software was used to plot the protection dose-response and to calculate
the EC50 values.
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was not attained at the highest tested concentration of 200 µM
(e.g., compound 3 in Table 1). As reference for antiviral activity,
we tested the well-known antipoxvirus drug CDV, which
functions as a chain terminator to inhibit viral DNA synthesis.
In our hands, CDV had a SI of greater than 4, which is in accord
with the values previously reported.16,29 Our compounds have
potencies comparable to CDV, suggesting their significance as
potential poxvirus therapeutics.

Sixteen Hit Compounds Retain Their Antiviral Activity
in the Presence of a DNA Trap. The compounds identified in
our primary HTS were selected by their ability to block vaccinia
virus DNA synthesis. Although many hit compounds are
expected to inhibit DNA synthesis by interfering with a specific
mechanistic step (e.g., the catalytic incorporation of dNTP’s
by DNA polymerase), we were concerned that some hit
compounds bind to DNA (e.g., by intercalation), in which case
they would nonspecifically inhibit DNA polymerases from
incorporating nucleotides. To eliminate such nonspecific inhibi-
tors, we tested their antiviral activities in the presence of large
amounts of genomic double-stranded DNA added to the media
of vaccinia-infected cells.30 Because cells do not take up
exogenous DNA under normal culturing conditions, this DNA
serves to trap nonspecific DNA binding compounds and disable
their cellular uptake. Compounds that were affected by the
exogenous DNA were identified by the loss of antiviral activity.
As shown in Table 1, a total of 16 compounds retained their
antiviral activity in the presence of the extracellular DNA trap,
indicating that these compounds were relevant inhibitors that
block a mechanistic step in DNA synthesis.

When tested in 20 h assays, three relevant hit compounds
had a SI of 4 or higher, with the most effective compound
having a SI of 13 (Table 1). We also tested these 16 compounds
for cell protection and cytotoxicity over longer times (48 h and
72 h). At these longer times, the compounds showed diminishing
antiviral activity and increasing cytotoxicity as compared to the
overnight assays. The antiviral activities of four compounds were
high enough to allow calculation of EC50 values, but 12
compounds showed less than 50% protection in the 72 h assays.
When calculable, the SI for each compound was lower in the
72 h assay than in the overnight assays. For example, compound
1 has an SI of 13.2 over 20 h, and an SI of 3.2 over 72 h.

We also verified the solubility of the 16 compounds in cell
growth medium over the range of concentrations used in the
activity assays. Light scattering measurements indicated that 11

compounds were completely soluble, while five compounds (8,
10, 12, 13, and 16) were just slightly insoluble at the EC50.

Conclusions

We have discovered 16 inhibitors of vaccinia DNA synthesis
that have antiviral activity. These 16 inhibitors were identified
by the HTS of 49663 compounds using an in vitro DNA
synthesis rapid plate assay. All of the inhibitors effectively block
viral infection with minimal toxicity to the cells and could not
be trapped outside the cells by exogenous DNA, indicating that
their antiviral activity is mediated by the disruption of an
essential step in the mechanism of viral DNA synthesis. Of
particular interest, three of the inhibitors had selectivity indexes
that approximate that of CDV, the well-known poxvirus DNA
synthesis inhibitor. Because these new inhibitors are not
nucleoside analogues, they are expected to block vaccinia DNA
synthesis through a mechanism that is distinct from that of CDV,
a nucleoside analogue. Further development of these 16 synthetic
compounds could lead to useful pox antiviral compounds that
will complement the inhibitory activity of CDV and thus reduce
the emergence of drug resistant mutants. On the basis of the
high sequence similarity between the proteins of vaccinia and
variola viruses that are responsible for DNA synthesis, these
new inhibitors are anticipated to be equally effective against
smallpox. Future enzymatic and virological studies will identify
the specific DNA synthesis proteins targeted by these poxvirus
inhibitors.

Experimental Section

Primary High-Throughput Screen. For HTS, the rapid plate
assay25,27 was adapted to a robotic platform. The DNA synthesis
reactions were performed in 384-well plates coated with streptavidin
(SigmaScreen plates, Sigma-Aldrich cat. no. S8686). In each well,
reactions were conducted with 0.5 µL of vaccinia virus extract
containing 0.2 mU DNA polymerase activity in 20 mM Tris-Cl
pH7.5, 100 mM ammonium sulfate, 5 mM MgCl2, 0.1 mM EDTA,
0.5 mM DTT, 4% glycerol, 40 µg/mL BSA, 5 µM each of dATP,
dCTP, and dGTP, 4 µM dTTP, 0.5 µM DIG-11-dUTP, in a total
volume of 30 µL. Two pmol of biotinylated primer-template
dissolved in 30 µL PBS were immobilized on streptavidin-coated
wells. The unbound primer template was removed, and the wells
were washed twice with 50 µL of PBS and loaded with 20 µL
reaction buffer (20 mM Tris-Cl pH7.5). Then 100 nL of each
compound or natural extract dissolved in DMSO were transferred
from the library plates by an Epson transfer robot (Epson Robots,

Table 1. Summary of Activities for 16 Synthetic Hit Compounds

compda
DNA synth
IC50 (µM)

cell prot
EC50 (µM)

plaque red
EC50 (µM)

tox 20 h
TC50 (µM)

tox 72 h
TC50 (µM)

tox 120 h
TC50 (µM)

selectivity
indexb

trapped
by dsDNA

1 108 9.6 10 127 20 13.2 no
2 374 30 25 159 5.3 no
3 131 50 50 >200 36 3 >4.0 no
4 12 50 15 157 40 3.1 no
5 129 45 15 115 5 2.6 no
6 30 95 75 >200 50 20 >2.1 no
7 26 100 75 >200 38 20 >2 no
8 52 100 75 >100 >100 >100 >2 no
9 26 104 75 >200 40 20 >1.9 no
10 188 90 25 166 1.8 no
11 43 130 75 >200 174 120 >1.5 no
12 32 80 75 >100 >100 50 >1.2 no
13 46 100 50 >100 13 30 >1 no
14 75 188 150 >200 >200 50 >1 no
15 111 236 100 >200 >200 75 >1 no
16 239 100 50 >100 >100 50 >1 no
CDV 132 50 >500 >500 300 >3.8 no

a Refer to Chart 1 for the structures of compounds 1-16. b The selectivity index was obtained as the ratio between TC50 in the 20 h cytotoxicity assay
and EC50 in the 20 h cell protection assay.
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Table 2. Structures and IC50 Values for 19 Synthetic Compounds that are Strong Inhibitors of Vaccinia DNA Synthesis in Vitroa

a These compounds do not have favorable antiviral activity in cell-based assays because they are either highly toxic or failed to block viral infection. b The
synthetic compounds belong to the following libraries: ChemDiv 3 (library 1); Maybridge 4 (library 3); ActiMol TimTec (library 4); and Bionet 2 (library 5).
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Carson, CA) fitted with a 384-pin array. DNA synthesis was
initiated by loading 10 µL of a 3× reaction mixture. After brief
centrifugation, plates were incubated at 37 °C for 30 min. The DNA
synthesis reaction was stopped with 30 µL of a solution containing
50 mM EDTA and 2% SDS in 10 mM Tris pH 8. Incorporation of
DIG-11-dUTP in the newly synthesized DNA strand was detected
with peroxidase-conjugated antidigoxigenin antibody (anti-DIG-
POD). Wells were flow-washed with 400 µL of PBS containing
0.1% Tween-20 at the lowest dispensing speed and loaded with
4.5 mU of anti-DIG-POD in 30 µL of PBS/blocking solution. After
gently rocking at room temperature for 1 h, the antibody solution
was removed and wells were flow-washed as above. Then 30 µL
of 2,2′-azino-bis(3-ethylbenzthiazoline)-sulfonate (ABTS) peroxi-
dase substrate dissolved in citrate buffer was added and plates were
gently rocked at room temperature for 1 h. Color development was
stopped with 10 µL of 4% SDS and absorbance at 405 nm was
measured. Readings from each well were divided by the plate
median, and the percent inhibition was determined relative to the
values of uninhibited reaction controls.

Cytoplasmic Extracts of Vaccinia-Infected BS-C-1 Cells.
Confluent BS-C-1 cells, infected with vaccinia virus WR at an MOI
of 15 in the presence of 10 mM hydroxyurea, were harvested 6 h
post infection. Hydroxyurea inhibits viral DNA replication and
transcription of intermediate and late viral mRNA’s, allowing only
the expression of early gene products and not the abundant late

viral genes.31 Processive DNA synthesis is an early activity of the
vaccinia virus and thus is not affected by hydroxyurea.32 Infected
cells were carefully scraped off the plates, washed once with
hypotonic buffer (1.5 mM MgCl2, 10 mM KCl, 10 mM Hepes pH
7.5), resuspended in cold hypotonic buffer, incubated on ice for
10 min, and lysed by gentle dounce homogenization. Nuclei were
removed by centrifugation at 1000g for 10 min. The cytoplasmic
extracts were filtered twice through 0.2 µm and shown to be free
of infectious particles as determined by plaque assay. Glycerol was
added to 20% final concentration, and aliquots were stored at
-80 °C.

Screened Libraries. The 1520 chemical compounds with known
biological activities used for assay validation were from two
collections: BIOMOL ICCB Known Bioactives 1 (480 compounds)
and NINDS Custom Collection (1040 compounds). A total of 45832
synthetic compounds, representing 11 independent libraries (Chem-
Div 3 (16544 compounds), MixCommercial 5 (268 compounds),
Maybridge 4 (4576 compounds), ActiMol TimTec 1 (8518 com-
pounds), Bionet 2 (1700 compounds), Enamine 1 (6004 com-
pounds), I.F. Laboratory 1 (6543 compounds), I.F. Laboratory 2
(292 compounds), Maybridge 2 (704 compounds), MixCommercial
4 (331 compounds), and Peakdale 2 (352 compounds)) were tested
in duplicate at a single concentration of 16.7 µg/mL, which is
equivalent to a molar concentration of 33-167 µM, depending on
the molecular weight of each individual compound. Natural extracts

Chart 1. Structures of the 16 Most Promising Synthetic Hit Compounds that Inhibit Vaccinia Virus Infectiona

a Compounds 7, 11, 15, and 15 belong to ChemDiv 3 library; compounds 4, 5, 6, 8, and 9 belong to Maybridge 4 library; compounds 12 and 16 belong
to ActiMol TimTec library; compound 3 belongs to Enamine 1 library; compounds 1, 2, 10, and 13 belong to I.F. Lab 1 library.
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with inhibitory activity were identified by screening the Starr
Foundation Extracts 2 library (1000 extracts from plants used in
traditional Chinese medicine), and two collections of partially
purified extracts from endophytic fungi: ICBG Fungal Extracts 1
(851 extracts) and ICBG Fungal Extracts 2 (460 extracts). The
natural extracts, resuspended in DMSO at 15 mg/mL, were also
tested in duplicate at 50 µg/mL final working concentration. The
chemical libraries were supplied by the National Screening Labora-
tory for the Regional Centers of Excellence in Biodefense and
Emerging Infectious Disease (NSRB) at the Harvard Institute of
Chemistry and Cell Biology (ICCB, Harvard Medical School),
where the robotic HTS was performed.

DNA Synthesis Assay. Milligram quantities of the HTS hit
compounds for follow-up studies were purchased from various
vendors and suspended in DMSO at a final concentration of 20
mM. Each hit compound was retested over a range of concentrations
for its ability to inhibit vaccinia virus DNA synthesis. Assays were
performed in 96-well plates in conditions similar to those for the
HTS. Each compound was tested in triplicate in 2-fold serial
dilutions, and the IC50 was calculated with the Prism software
(GraphPad Software, Inc.) for linear regression.

Viral Plaque Reduction Assay. BS-C-1 cells were maintained
in Dulbecco’s modified Eagle medium (DMEM) containing 10%
fetal bovine serum (FBS), 50 mg/L gentamicin sulfate (Gibco BRL
Life Technologies, Gaithersburg, MD), and grown at 37 °C in a
humidified atmosphere with 5% CO2. For the plaque reduction
assay, 6 × 104 cells/well were seeded in 48-well plates and allowed
to attach overnight. Cells were infected with 50 plaque forming
units (pfu)/well of vaccinia virus WR in the presence of the HTS
hit compounds at various concentrations. After 20 h, cells were
fixed with 5% formaldehyde in PBS and stained with 0.2% crystal
violet dissolved in 50% ethanol. Wells were washed, dried, and
plaques were counted under the microscope. The EC50 values were
estimated as the concentration of compound that caused a reduction
in the number of plaques by 50%.

Viral Cell Protection Assay. The cell protection assay was
performed using similar conditions to the plaque reduction assay.
BS-C-1 cells were seeded in 96-well plates at 1.5 × 104 cells/well
and grown overnight. The cells were infected with 2000 pfu/well
of vaccinia virus WR in the presence of inhibitors. After incubating
at 37 °C for various times (20, 48, and 72 h), cells were fixed with
formaldehyde and stained with crystal violet. The excess dye was
washed away, and the cellular mass fixed on the bottom of the
wells was allowed to dry overnight. Absorbance at 570 nm was
measured. Each compound was tested in triplicate in 2-fold serial
dilutions, and EC50 values were calculated using the Prism software
for linear regression.

DNA Trap Assay. To investigate if the hit compounds retain
their antiviral potency in the presence of exogenous DNA, the cell
protection assay was performed with 400 µg/mL of type III DNA,
sodium salt, from salmon testes (Sigma, Saint Louis, MO) added
in the growth medium. The final concentration of compound-derived
DMSO was 1% (v/v) in all cell-based assays. For the control wells
that contained no compound, an appropriate volume of DMSO was
added to achieve a final concentration of 1%.

Cytotoxicity Assay. Compound cytotoxicity was measured with
the Cell Proliferation Reagent WST-1 (Roche Applied Science,
Indianapolis, IN) following the manufacturer’s protocol. BS-C-1
cells were seeded in 96-well plates at 5000 cells/well in 50 µL
growth medium without phenol red. Next day, 50 µL/well of growth
medium containing the tested compounds were added and cultures
were grown for 20 h at 37 °C. Then 10 µL of WST-1 reagent were
added to each well, plates were incubated at 37 °C for 30 min, and
absorbance at 450 nm was measured. Each compound was tested
in triplicate in 2-fold serial dilutions, and TC50 values were
calculated using the Prism software for linear regression. To
measure the compound cytotoxicity over longer incubation periods,
the number of BS-C-1 cells seeded was adjusted: 1000 cells/well
for 3-day cytotoxicity and 200 cells/well for 5-day cytotoxicity.

This ensured that cells did not grow past confluency by the end of
the experiment and that the read-out signal remained in the linear
range.
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