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ABSTRACT:

Smallpox was globally eradicated 30 years ago by vaccination. The recent threat of bioterrorism demands the development of
improved vaccines and novel therapeutics to effectively preclude a reemergence of smallpox. One new therapeutic target is the
vaccinia poxvirus processivity complex, comprising D4 and A20 proteins that enable the viral E9 DNA polymerase to synthesize
extended strands. Five compounds identified from an AlphaScreen assay designed to disrupt A20:D4 binding were shown to be
effective in: (i) blocking vaccinia processive DNA synthesis in vitro, (ii) preventing cellular infection with minimal cytotoxicity, and
(iii) binding to D4, as evidenced by ThermoFluor. The EC50 values for inhibition of viral infectivity ranged from 9.6 to 23 μMwith
corresponding selectivity indices (cytotoxicity CC50/viral infectivity EC50) of 3.9 to 17.8. The five compounds are thus potential
therapeutics capable of halting smallpox DNA synthesis and infectivity through disruptive action against a component of the vaccinia
processivity complex.

’ INTRODUCTION

Smallpox was globally eradicated by vaccination in 1981,
ending centuries of mortality numbering in the hundreds of
millions. However, surreptitious stocks of variola virus, the
causative agent of smallpox, pose a threat to the reemergence
of this disease.1 This concern is exacerbated by the fact that the
vast portion of today’s population is unvaccinated and that there
is a significant number of individuals for whom the vaccine is
contraindicated, e.g., those with compromised immune systems.
The development of antiviral drugs that target different stages of
the poxvirus life cycle is intended to provide: (i) prophylactic
protection, (ii) mitigation of the disease after early onset, and
(iii) prolonged time as to develop immunity following vaccina-
tion of the naïve population. Because of its extremely high
sequence homology to variola virus, vaccinia virus (the vaccine
agent) is the ideal laboratory strain to discover smallpox
therapeutics.

Processivity factors are a new class of therapeutic targets that
offer a high degree of specificity in that they interact only with
their cognate DNA polymerases (Pols). Essentially, all DNA Pols

fail to synthesize extended chains in the absence of associated
processivity factors (PFs), often referred to as sliding clamps.
The catalytic efficiency of each Pol is dependent on being
tethered to the DNA template by its cognate PF, enabling the
Pol to incorporate nucleotides continuously without dissociating
from the template. In general, there are two classes of PFs. The
first class includes the well-studied ring-shaped sliding clamps,
characterized by β-subunit of E. coli,2 and PCNA (proliferating
cell nuclear antigen) of eukaryotic cells.3 These ring-shaped
sliding clamps completely encircle the template by using ATP-
dependent clamp loaders to assemble the monomeric PF sub-
units around the DNA.4 The second class of PFs does not fully
encircle the DNA and hence do not require clamp loaders or
ATP to associate with DNA. This includes the intensively studied
herpesvirus PFs of HSV-1, EBV, and CMV,5�8 as well as those of
HHV-6 and KSHV that we discovered.9�12 The salient feature of
vaccinia and other poxviruses is that they replicate entirely within
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the cytoplasm of the infected cell.13 The 192 kb vaccinia virus
genome has telomeric termini with hairpin turnarounds that link
both strands.14 Initiation of DNA synthesis occurs near the
telomeres by the introduction of a nick that creates a 30-hydroxyl
primer-end from which viral E9 polymerase initiates DNA
synthesis.15 The elongated strand results in a tail-to-tail dimer that
resolves to monomeric genomes.13 All of the components for
vaccinia DNA synthesis are virally encoded and include: E9 DNA
polymerase,16�18 A20 processivity factor,19�21 D4 uracil DNA
glycosylase,22�25 D5R nucleic acid independent nucleoside
triphosphatase,26,27 and HR5,13,28�30 along with its kinase,
B1R.31,32

Vaccinia processive DNA synthesis in vitro is accomplished by
the PF complex comprising three virally encoded proteins: E9
polymerase,33,34 A20,21 and D4.35,46 Consistent with the depen-
dence of PFs for continuous DNA synthesis, E9 Pol incorporates
10 nucleotides alone, but thousands of nucleotides in the
presence of both A20 and D4.35,46

Although the mechanistic roles of A20 and D4 in processivity
have yet to be defined, A20 could serve as a “bridge” that links E9
and D4 based on the observation that A20 interacts with both D4
and E9, whereas D4 does not interact with E9.21,35 In addition to
performing an essential role in processivity, D4 also contains a
uracil DNA glycosylase (UDG) activity that can function in DNA
base repair.25,36 The dual functions of D4 appear to be mutually
exclusive, as DNA synthesis is not affected by the loss of UDG
activity.37 Thus, its requirement as a processivity factor serves to
explain why propagation of vaccinia is dependent on D4.24

D4, in particular, is an attractive drug target due to its
requirement for vaccinia viability24 as well as the availability of
the protein structure.38 In this study, we analyzed low-molecular-
weight synthetic compounds that had been identified from a
primary high throughput screen (AlphaScreen) that examined the
disruption of the interaction of the D4 protein to the N-terminal
polypeptide of A20 (Chattopadhyay et al., manuscript in pre-
paration). In this study, 27 compounds that structurally represent

Figure 1. Hit compounds from HTS. Structures of the indentified hits represent unique chemical scaffolds.
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the hits from the primary screen were evaluated for their abilities
to functionally disable processive DNA synthesis in vitro and
block viral infection in cells. Five compounds were identified to
be effective at reducing viral plaques with low cytotoxicity.
Significantly, the compounds were further shown to target D4
through the use of a thermal stability assay. Thus, these D4
inhibitors are the first reported to target a specific component of
the vaccinia processivity complex and have the potential to serve
as therapeutics capable of preventing the spread of smallpox.

’RESULTS AND DISCUSSION

Selection of Hits from a D4:A20 AlphaSreen. A high
throughput screening (HTS) by AlphaScreen designed to select
for compounds that disrupt the interaction between D4 and the
N-terminal 100 amino acids of A20 was utilized and is described
elsewhere (Chattopadhyay et al., manuscript in preparation).
Hits were identified from 28000 compounds that demonstrated
appreciable inhibition of the interaction when added at 33 μM. In
addition to their abilities to disrupt the D4:A20 interaction by at
least 85%, the compounds were further selected based on known
low toxicity and reactivity according to the ICCB-Longwood
database (Chattopadhyay et al., manuscript in preparation).

For this study, 27 of the 88 hit compounds, representing
nonredundant chemical scaffolds with CLogP values of approxi-
mately 5 or less, were selected for further validation. The structures
of these 27 hit compounds are shown in Figure 1.
Functional Validation: Rapid Plate Assay. To test whether

the hit compounds were capable of blocking processive DNA
synthesis, we employed the functional rapid plate assay.39�41

Briefly, the assay consists of a biotinylated primer-DNA template
(100 bp) attached to a streptavidin-coated 96-well plate, whereby
processivity is assessed by the ability of E9 to incorporate
nucleotides for DNA strand extension in the presence of A20
and D4. Representative dose�response curves used to extract
IC50 values are shown in Figure 2A, with Fentichlor, which was
previously shown to effectively block processive DNA
synthesis,41 serving as comparison (IC50 = 38.5 μM). Fifteen
of the compounds (1, 3, 4, 6, 8, 12, 13, 16, 19, 20, 21, 22, 23, 24,
and 25) displayed IC50 values g200 μM and were thus con-
sidered to be either incapable or inefficient in functionally
blocking processive DNA synthesis. In contrast, 10 compounds
(2, 5, 7, 11, 14, 15, 17, 18, 26, and 27) effectively inhibited DNA
synthesis with IC50 values between 50 and 200 μM. Only two of
the compounds, 9 and 10, were very effective at blocking
processive DNA synthesis with IC50 values of 34.1 and 5.1 μM,
respectively. The IC50 values for the 27 compounds are summar-
ized in Table 1.
Vaccinia Virus Plaque Reduction and Cytotoxicity. Next,

the 27 compounds were tested in a plaque reduction assay to
determine their effectiveness in preventing viral infection. To
obtain plaques that are readily distinct, a low multiplicity of
infection of BSC-1cell monolayers was used to generate about 80
plaques in each well of a 48-well plate. Dose�response curves
used to extract EC50 values are depicted in Figure 2B. Consis-
tently, Fentichlor is effective against viral infection (EC50 = 18.7μM).
Inhibitory results are summarized in Table 1. Despite negligi-
ble inhibition of DNA synthesis, compounds 1, 2, and 3
displayed high potency (EC50 = 2.9�3.8 μM), while compounds
5, 8, 12, 22, 23, 24, 25 and 26 exhibited no detectable inhibitory
activities (g200 μM). The rest of the compounds showed sig-
nificant (<10 μM) to modest inhibitory activity (13�75 μM).
Importantly, compounds 9 and 10, which displayed effective DNA
synthesis inhibition (IC50 = 34.1 and 5.1 μM, respectively), were
also effective against viral infection (EC50 = 8.1 and 7.1 μM,
respectively) while exhibiting relatively low cytotoxicity (CC50 =
127.3 and 175.4 μM, respectively). In all, 14 compounds
exhibited CC50 values ranging from 23.3 to 175.4 μM, while
the other 13 compounds showed negligible cytotoxicity (CC50 >
200 μM). Results are summarized in Table 1.
Identification of Hit Compounds that Target Vaccinia

Virus D4. With the identification of promising candidates that
appeared to halt viral infection via interference to the processivity
complex, we sought to investigate D4 as a potential target. This
was further emphasized in the design of the AlphaScreen HTS,
which specifically looked at disruption to A20 and D4 interac-
tion. As such, we examined thermal protein denaturation as a
means for extracting binding information. The ThermoFluor
method is based on the energetic coupling between ligand and
protein unfolding.42 Thus, the change of the unfolding transition
temperature (ΔTm) reflects the binding affinity between the
unliganded protein and the protein�ligand complex, whereby
the melting temperature (Tm) is determined from the protein
unfolding midpoint. Indeed, ThermoFluor has been successfully
employed for compound screening.43�45 Moreover, there is

Figure 2. Functional validation of hits. (A) Inhibition VACV processive
DNA synthesis. Processive DNA synthesis was conducted using the
rapid plate assay in which extended strand synthesis is quantified by the
incorporation of DIG-dUTP. The percent inhibition was calculated
relative to the uninhibited negative control (DMSO) and the completely
inhibited positive control (EDTA). (B) Inhibition of VACV infection.
BSC-1 cells were cultured to confluence and infected with vaccinia virus
to achieve ∼80 PFU/well on a 48-well well plate. DMSO was main-
tained at 1%, and the representative dose�response curves are shown
for both assays. Experiments were performed in triplicates and repeated
at least twice. For comparison, Fentichlor, a known processive DNA
synthesis inhibitor,41 was employed.
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good agreement of ThermoFluor to more conventional methods
such as isothermal titration calorimetry and enzymatic assays.43

Here, we used the ThermoFluor method to determine which
of the hit compounds is capable of interacting with D4 (Table 2).
A positiveΔTm reflects inhibitor binding, manifested as stabiliza-
tion of the protein upon denaturation. In contrast, a negative
ΔTm indicates that the protein is destabilized as a result of
adventitious binding by inhibitor, and a lack of change (within
experimental error) suggests no ligand�protein interaction.
Selected thermograms are depicted in Figure 3B for a nonbinder
(compound 19, ΔTm = �0.1 �C) and a nonspecific binder
(compound 23, ΔTm = �4.9 �C). Indeed, modest plaque
reduction (EC50 = 67.6 μM) and poor DNA synthesis activities
(IC50 = 200 μM) were observed for 19, thus suggesting the
likelihood of target(s) other than D4 (e.g., A20) responsible for
the plaque inhibitory effect. In contrast, the negative ΔTm value
for 23 is consistent with nonspecific binding to D4, which may

account for the lack of activities for both assays. Of particular
note are compounds 1, 2, and 3. Despite exhibiting potency
against viral infection, negative ΔTm values were observed, thus
ruling out the targeting of D4 as a likely mode of action. Most
significantly, as shown in Figure 3, positive ΔTm values were
observed for compounds 9 (ΔTm = 13.1 �C), 10 (ΔTm =
14.9 �C), 14 (ΔTm = 10.0 �C), 15 (ΔTm = 4.9 �C), and 27
(ΔTm = 4.6 �C), which are strongly indicative of binding to D4.
Strikingly, all five compounds were effective at reducing viral
infection (EC50 = 9.6, 9.8, 18.8, 23.3, and 22.4 μM, respectively)
and inhibiting processive DNA synthesis (IC50 = 34.1, 5.1, 132.1,
137.6, and 91.2 μM, respectively). Values of all five compounds
(Table 1) were comparable to that of Fentichlor, a known
inhibitor of processive DNA synthesis.41

Molecular Docking. In an effort to understand the potential
binding mechanism, the five lead compounds were docked to the
VACV D4 utilizing ICM-Pro. Compound 10 showed preferred
docking within proximity of the UDG catalytic pocket, which is
outlined by K126, K160, and R187 (Figure 3C), amino acids
recently shown to be essential for D4 processivity, but not UDG
activity.46 Compounds 14 showed a similar preference as 10
(Supporting Information SI4). In contrast, compounds 9 and 15,
in addition to docking near the UDG catalytic site, showed an
additional preference within proximity of the loop region be-
tween helix 5 and β-sheet 4, comprising residues K54, Q55, and
P56 (Supporting Information SI3 and SI4). A third docking site
at loop regions comprising residues R61, T149, K150, and H151
was observed for compound 27, in addition to the UDG catalytic
site and the loop region between helix 5 and β-sheet 4
(Supporting Information SI4).

’CONCLUSIONS

Therapeutic compounds are needed to prevent a smallpox
attack arising from a surreptitious release of variola virus. The D4
and A20 vaccinia virus proteins are nearly identical to those of
variola and have the potential to serve as excellent antiviral targets
because they are both essential for processive DNA synthesis.
Discovering and developing therapeutics that target D4 is all the
more attractive because its crystal structure has been deter-
mined.38 A previous HTS campaign of 28000 synthetic com-
pounds identified disruptors of D4 and A20 interaction
(Chattopadhyay et al., manuscript in preparation). In this study,
27 of the hit compounds with unique scaffolds were further
investigated in a series of secondary assays. We identified five
compounds that showed the ability to interact with D4, in
addition to exhibiting favorable inhibitory activities against
vaccinia virus infection and processive DNA synthesis. Molecular
docking revealed all five lead compounds to show a preference
for regions nearby the UDG catalytic site comprising the amino
acids K126, K160, and R187, which have recently been shown to
be important in processivity.46 An additional binding pocket was
observed for compounds 9 and 15, while a third binding pocket
was identified for compound 27. Because amino acids K126,
K160, and R187 are important for processivity, we speculate that
perturbation to these residues either by direct binding of
compound or by protein conformational change induced by
distal compound binding will result in disruption of processivity.
Future studies will confirm if this site onD4 is a preferred binding
site for these compounds and serve as the basis for lead
optimization.

Table 1. Summary of Antiviral and Functional Activities of
HTS Compound Hitsa

compound

(source) CLogP

DNA

synthesis

IC50 (μM)

plaque

reduction

EC50 (μM)

cytotoxicityb

CC50 (μM)

selectivity

indexc

1 (C177�0169) 5.0 >200 3.8 >200 53

2 (7706�0074) 4.3 157.3 2.9 >200 69

3 (8009�1110) 5.0 >200 3.2 >200 63

4 (C147�0148) 5.3 >200 5.5 121.1 22

5 (7170�3687) 4.8 194.7 nd >200 nd

6 (C273�0442) 4.6 >200 10.8 >200 18

7 (C619�0600) 5.2 105.8 >200 73.7 11

8 (8539�0704) 4.9 >200 >200 84.1 0.4

9 (C620�0278) 4.5 34.1 8.4 127.3 15

10 (6408�0250) 4.0 5.1 7.1 175.4 25

11 (5174�4519) 6.0 139.1 nd >200 nd

12 (5594�3013) 0.6 >200 nd 169.6 nd

13 (C239�0873) 6.9 >200 >200 141.9 9

14 (C301�6073) 4.1 132.1 18.8 >200 >10

15 (7210�1961) 2.9 137.6 21.5 92.8 4

16 (5408�0925) 6.4 221 22.4 >200 9

17 (7213�0271) 4.3 140 >200 57.2 4

18 (7292�0026) 4.9 168.6 47.9 23.2 0.5

19 (C325�0463) 4.2 200 67.6 >200 3

20 (8539�0659) 5.6 >200 74.6 >200 3

21 (C387�0301) 4.0 >200 25.8 >200 8

22 (5169�1136) 5.7 >200 >200 106.8 0.5

23 (C447�0998) 2.6 >200 >200 >200 nd

24 (C647�0648) 5.5 >200 >200 52.9 0.3

25 (C692�0362) 2.5 >200 >200 92.8 0.4

26 (3786�0771) 3.3 175.3 nd >200 nd

27 (5218�0975) 5.3 91.2 16.7 57.2 3

Fentichlor nd 38.5 18.7 nd nd
aHalf-maximal values (EC50, IC50 and CC50) were determined from
triplicate measurements and repeated at least twice. Apparent values
beyond 200 μM (designated >200 μM) were deemed unreliable due to
difficulty in compound solubitity or otherwise not determined (nd). Log
P values (CLogP) were calculated by the ACD/Laboratories software
(Advanced Chemisty Development, Inc.). bDetermined by measuring
LDH released into the medium. cDetermined by CC50/EC50.
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The identified compounds are novel in that they are the first
described to target D4. Of the five, compounds 9 (10-(cyclo-
hexylamino)-12-[(2-hydroxyethyl)amino]-15-oxa-14-azatetra-
cyclohexadeca-1(16),2,4,6,9,11,13-heptaen-8-one) and 10 (4-
({[2-(benzyloxy)phenyl]methyl}amino)phenol) appeared to
be the most potent, followed by compounds 14 (N-[6-(benzy-
lamino)-1,3-dimethyl-2-oxo-2,3-dihydro-1H-1,3-benzodiazol-5-
yl]-4-tert-butylbenzene-1-sulfonamide), 15 (4-tert-butyl-6-{2-
methyl-5H,6H-pyrazolo[1,5-c]quinazolin-5-yl}benzene-1,3-
diol), and 27 (4-[5-(4-bromophenyl)-4-phenyl-1H-imidazol-2-
yl]-2,6-dimethoxyphenol) (Table 3). Compound 2, which
lacked D4 binding, was shown to be effective in preventing
vaccinia virus infection (SI = 69). The ability to block DNA
synthesis to some extent suggests that it likely targets a compo-
nent of the processivity complex other than D4. Future studies
will shed light onto whether A20 or E9 is, in fact, a target of
compound 2. In conclusion, we have identified several com-
pounds that effectively suppress vaccinia virus infection as a
consequence of blocking processive DNA synthesis by directly
targeting D4.

’EXPERIMENTAL SECTION

Reagents. Reagents used were purchased from Sigma-Aldrich,
unless otherwise noted, and used without further purification. Digox-
igenin-11-20-deoxyuridine-50-triphosphate (DIG-dUTP), streptavidin-
coated 96-well plates, and the DIG detection ELISA kit were purchased
from Roche Applied Science (Indianapolis, IN). LDH cytotoxicity
detection kit was purchased from Takara Bio Inc. (Madison, WI) and
Sypro Orange from Invitrogen (Carlsbad, CA) as 5000X DMSO stock.
Cells and Viruses. African green monkey kidney epithelial cells

(BSC-1) were maintained in DMEM supplemented with 5% fetal calf
serum (growthmedium), 10U/mL penicillin, and 10 μg/mL streptomycin
in a humidified incubator at 37 �C, 5%CO2. Cells were not used beyond 10
passages. Vaccinia virus (WRstrain) was a kind gift fromDr.GaryH.Cohen
(University of Pennsylvania).

Table 2. Protein Denaturation Summary for Interactions of
Vaccinia Virus D4 with Small Molecule Compoundsa

hit Tm (�C) ΔTm (�C) hit Tm (�C) ΔTm (�C)

DMSO mock 38.4( 1.6 0.0 14 48.4( 6.0 10.0

1 34.7( 1.5 �3.7 15 44.3( 3.7 4.9

2 36.4( 0.4 �2.0 16 35.2( 2.0 �5.0

3 35.1( 0.7 �3.3 17 35.1( 1.8 �1.7

4 35.2( 1.0 �3.2 18 34.3( 0.7 �4.1

5 36.4( 1.3 �2.0 19 38.3( 1.3 �0.1

6 36.9( 1.0 �1.5 20 34.9 ( 1.3 �3.5

7 36.3( 0.9 �2.1 21 34.8( 1.5 �3.6

8 32.2( 0.3 �6.6 22 34.7( 0.4 �3.7

9 51.4( 9.1 13.1 23 33.2( 0.3 �4.9

10 53.3( 1.5 14.9 24 35.4( 0.4 �3.2

11 36.3( 0.5 �1.5 25 35.9( 0.8 �2.5

12 35.0( 0.4 �3.4 26 33.6( 2.0 �4.8

13 36.5( 1.2 �1.9 27 43.0 ( 3.0 4.6
a Experiments were performed using 4 μM D4 in the presence or
absence of 50 μM compounds in 25 mM Tris, pH 7.2, 0.15 M NaCl,
5 mM ZnCl2, and 1% DMSO. Tm values are shown ( SD from at least
three independent experiments (n = 3�5), with thermal shift (ΔTm)
values obtained by the subtraction of the untreated DMSO mock.

Figure 3. Assessment of compound binding by ThermoFluor. (A) As
heat was applied, protein denaturation was measured spectrofluorime-
trically with the hydrophobic dye, Sypro Orange. Any perturbation
produced when a compound is added is reflected in the thermal shift
(ΔTm), which is the difference in the unliganded (Tm1) and liganded
complex (Tm2). (B) The thermograms of various compounds are
shown, with the 1% DMSO mock indicated by the solid trace. (C)
Structural representation of uracil (green) and compound 10 (yellow)
docked to the VACV D4. The catalytic acid/base (H181/D68) of the
UDG pocket and the amino acids shown to be important in processivity
are presented. Both uracil and compound 10 conformations represent
high-ranked poses as scored by ICM-Pro.
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Chemical Hit Compounds. A high throughput AlphaScreen of
28000 compounds is described elsewhere (Chattopadhyay et al., manu-
script in preparation). Samples for the current study were chosen from the
ChemDiv 6 library and were selected for chemical scaffold uniqueness and,
preferably, CLogP e 5. A few compound exceptions, however, were
selected with CLogP values >5 in order to completely represent unique
scaffolds within theChemDiv 6 library. The 27 compoundswere purchased
fromChemDiv andwere verified by the vendor to be greater than 90%pure
(g95% typical) by liquid chromatography�mass spectrometry (LC-MS)
on a Shimadzu HPLC and API 150EX mass spectrometer and by 1H
nuclear magnetic resonance (NMR) using a Bruker DPX-400 instrument.
Preparation of Vaccinia Virus D4 Protein.D4was cloned from

VACVWR strain into pET15 harboring an N-terminal His6 construct as
previously described.38 Briefly, the D4 construct was expressed in E. coli
Rosetta(DE3)pLysS cells and induced with IPTG overnight at 18 �C in
LB, followed by column purification withNi-NTA and gel filtration. His6
tag removal was accomplished with thrombin, yielding a native protein
of approximately 25 kDa.
Processivity Assessment by Rapid Plate Assay. Inhibitors

that disrupted processive DNA synthesis were identified by the rapid
plate assay as previously described.39�41 Briefly, the ELISA-based
method was performed in streptavidin-coated 96-well plates. To achieve
processivity, the biotinylated template (50-biotinAGCACTA TTGA-
CATTACAGAGT CGCCTTGGCTCTCTG GCTGTTCGTTGC
GGGCTCCGCGTG CGTTGGCTTCGGTC GTCCCGTCAGCGG
TCATTCATTGGC-30) permitted the incorporation of DIG-dUTP
largely at the distal end of the synthesized DNA product. The corre-
sponding primer used to anneal to the template was 50-GCC AAT GAA
TGA CCG CTG AC-30. Plate preparation was accomplished by coating
5 μM of the annealed primer-template and thoroughly washing with
PBS. A typical DNA synthesis reaction was performed in 50 μL volume
consisting of 1 μL each of in vitro translated proteins (A20, D4, and E9)
in 100mM(NH4)2SO4, 20mMTris-HCl pH 7.4, 3 mMMgCl2, 0.1 mM
EDTA, 0.5 mM DTT, 2% glycerol, 40 μg/mL BSA, 5 μM dNTPs, and
1 μMDIG-dUTP. One microliter of test compounds of varying concen-
trations dissolved in DMSO was added individually to each well. One
microliter of DMSO or EDTA was used as corresponding positive or
negative control, respectively. The plates were then incubated at 37 �C
for 30 min and colorimetrically developed using the DIG detection
ELISA kit. IC50 values were determined from measurements at 405 nm
on a microplate reader. Each compound was tested in triplicate of 2-fold
serial dilutions of three or more independent experiments.
Viral Plaque Reduction Assay. Confluent BSC-1 monolayers in

48-well plates were obtained by seeding 2� 104 cells/well in 300 μL of
growth medium and cultured overnight. Cells were infected by adsorb-
ing virus for 1 h in a humidified incubator at 80 PFU/well in 100 μL of
growth medium, followed by overnight treatment with inhibitors done
in triplicate of each concentration in a final volume of 300 μL of growth
medium and 1% DMSO. Cells were subsequently fixed with 300 μL of
5% formaldehyde in PBS for 6 h at room temperature, followed by 30
min staining with 5% crystal violet, washed twice with distilled H2O, air-
dried overnight, and counted.

Cytotoxicity. Cytotoxicity was assessed by the measurement of
lactate dehydrogenase (LDH) in the medium according to the manu-
facturer’s recommendation. Briefly, BSC-1 cells were seeded in a 96-well
optical plate at 1 � 104 cells/well in 100 μL of growth medium. After
24 h, the growth medium was replaced with fresh medium containing
inhibitors, adjusted to 1% DMSO, and incubated for an additional 20 h.
Then 100 μL of LDH reaction mixture was added into each well. The
plate was incubated at room temperature in the dark for 30 min, and the
absorbance at 492 nm was measured on a microplate reader. Each
compound was tested using 2-fold serial dilutions performed in tripli-
cates, and experiments were independently repeated three times.
Treatment with 2% Triton X-100 served as the positive control for
maximum LDH release, while 1% DMSO served as negative control.
Thermal Stability Assay. A typical experiment was performed

using a 96-well thin-wall PCR plate at 20 μL total volume in 25mMTris-
HCl, pH 7.2 consisting of 4 μMD4, 0.15 MNaCl, and 5 mM ZnCl2. All
inhibitors were prepared at 5 mM in DMSO and added to give 50 μM
final inhibitor and 1% DMSO concentrations. Proteins were exhaus-
tively dialyzed into Tris buffer prior to use. Sypro Orange was diluted
1:200 in Tris buffer and was immediately added to give 5� working
concentration. Fluorescence intensities were monitored by a charge-
coupled device camera on the Applied Biosystems 7500 Fast Real-Time
PCR system (Carlsbad, CA) using the TAMRA filter (582 nm emission)
from 25 to 80 �C at a scan rate of 1 �C/min. Raw intensity values were
exported and fitted to a Boltzmann model,

F ¼ Preþ Post� Preð Þ
1þ exp

Tm � T
slope

� �
0
BBB@

1
CCCA

where F is the fluorescence intensity at temperature T, and Tm the
protein unfolding transition midpoint. Pre and Post represent the
respective pretransitional and posttransitional values, where slope
defines the steepness of the curve. Thermal shift (ΔTm) is the difference
between the 1% DMSO mock treatment and inhibitor treatment. All
experiments were repeated at least three times.
Molecular Docking. Docking of the compounds was accom-

plished using the ICM-Pro software (Molsoft L.L.C., La Jolla, CA,
version 3.7-2a).47 The E. coli UDG (PDB accession no. 2EUG) and the
trigonal crystal form of VACVD4 (PDB accession no. 2OWQ)38 served
as protein receptors. Bound ligands and cofactors were removed from
the proteins prior to converting into ICM objects to be used for docking.
Compounds were drawn with Symyx Draw 4.0 (Accelrys, San Diego, CA)
anduploaded into ICM-Pro.The integrity of the softwarewas initially tested
by docking uracil to E. coli UDG, and the identified poses were in good
agreement with the X-ray crystallographic structure of the uracil bound to
the same protein. Eight conformations were identified exhibiting rmsd
values ranging from2.92 for the highest (ICMscoreE=�37.01) to 3.68 for
the lowest-ranked (ICM score E = �28.91) conformation (Supporting
Information SI1 and SI2). Typically, an ICM score of �32 or lower is
considered favorable. We then proceeded to dock the five lead com-
pounds. Results are given in Supporting Information (SI3 and SI4).
Data Analysis. Half-maximal (EC50, IC50, and CC50) values were

obtained by nonlinear regression fitting to a variable slope, four
parameter dose�response model using the Prizm software (GraphPad
Software, LaJolla, CA).
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bS Supporting Information. Docked conformations of
uracil and the five lead compounds. This material is available
free of charge via the Internet at http://pubs.acs.org.

Table 3. Property Summary of Compound Leads

hit molecular weight solubilitya (μg/mL) solubility (μM)

9 377.436 1.4 3.6

10 305.370 1.1 3.5

14 478.606 0.9 1.9

15 349.426 19.1 54.7

27 451.313 1.4 3.2
a Solubility of compound in PBS was determined by measuring the
chemiluminescence of total nitrogen contents (www.aniliza.com).
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