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ABSTRACT

New polyomaviruses are continually being identified, and it is likely that links between this virus family
and disease will continue to emerge. Unfortunately, a specific treatment for polyomavirus-associated dis-
ease is lacking. Because polyomaviruses express large Tumor Antigen, TAg, we hypothesized that small
molecule inhibitors of the essential ATPase activity of TAg would inhibit viral replication. Using a new
screening platform, we identified inhibitors of TAg’s ATPase activity. Lead compounds were moved into
a secondary assay, and ultimately two FDA approved compounds, bithionol and hexachlorophene, were
identified as the most potent TAg inhibitors known to date. Both compounds inhibited Simian Virus 40 rep-
lication as assessed by plaque assay and quantitative PCR. Moreover, these compounds inhibited BK virus,
which causes BKV Associated Nephropathy. In neither case was host cell viability compromised at these
concentrations. Our data indicate that directed screening for TAg inhibitors is a viable method to identify
polyomavirus inhibitors, and that bithionol and hexachlorophene represent lead compounds that may be
further modified and/or ultimately used to combat diseases associated with polyomavirus infection.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Polyomaviruses are double stranded DNA viruses that replicate
in non-dividing cells, and in humans these viruses persist as a life-
long infection (Imperiale and Major, 2007). The majority of the pop-
ulation is infected with at least one of the human polyomaviruses
(Kean et al., 2009). In most cases, polyomavirus infection does not
result in disease, but replication can proceed unabatedly in immu-
nosuppressed patients and results in several diseases (Jiang et al.,
2009). For example, reactivation of BK virus can lead to BK Virus
Associated Nephropathy (BKVAN), or hemorrhagic cystitis (Hirsch
and Randhawa, 2009). JC virus can cause progressive multifocal leu-
koencephalopathy in AIDS patients and in patients receiving spe-
cific treatments for Multiple Sclerosis (Safak and Khalili, 2003).

Six new polyomaviruses were recently identified: The Kl and WU
viruses were isolated from patients with respiratory infections
(Allander et al., 2007; Gaynor et al., 2007); Merkel Cell Polyomavirus
was recognized in Merkel Cell Carcinomas (Feng et al., 2008; Shuda
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et al., 2008); Human Polyomaviruses 6 and 7 were identified on
the skin of healthy individuals (Schowalter et al., 2010); Trichodys-
plasia spinulosa virus was found in dysplastic hair follicle cells from
immunocompromised individuals (van der Meijden et al., 2010);
and a human virus that resembled the monkey lymphotropic virus
was sequenced from immunosuppressed patients (Scuda et al.,
2011). Early evidence suggests that these viruses may be reactivated
in immunosuppressed individuals (Sharp et al., 2009). Given the re-
cent and rapid increase in the number of new polyomaviruses, it is
likely that additional members of this virus family linked to other
diseases will emerge, particularly as the immunocompromised pop-
ulation expands (Kunisaki and Janoff, 2009) and because polyom-
aviruses are adept at replicating at low levels in non-dividing cells
(Fanning et al., 2009). Unfortunately, the current treatments for
polyomavirus related diseases are not specific, inadequate and/or
have undesirable side effects (Josephson et al., 2006b).

In addition to the message encoding capsid proteins, polyomavi-
ruses express one essential transcript, which encodes the
conserved, multidomain transforming factor, the large tumor (T)
antigen (TAg) (Cantalupo et al., 2005; Pipas, 1992). TAg triggers cell
cycle progression by binding to Rb and p53, as well as a variety of
other factors that regulate host cells (Pipas, 2009). To initiate viral
DNA synthesis, TAg binds to the viral origin of replication and
serves as the replicative helicase via its AAA+ ATPase domain (Li
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and Kelly, 1984). In addition, TAg harbors an essential “] domain”
that stimulates the ATPase activity of the Hsp70 family of molecular
chaperones (Campbell et al., 1997; Fewell et al., 2002; Kelley and
Georgopoulos, 1997; Srinivasan et al., 1997). The TAg-Hsc70 com-
plex is hypothesized to help release the transcription factor E2F
from Rb (Sullivan et al., 2000), which is required for cell cycle acti-
vation. These properties are essential for viral replication and are
conserved amongst most TAgs (Cantalupo et al., 2005). The early
transcript also expresses a protein known as small t Antigen (tAg)
that performs activities important for infection but is not required
for replication of the viral genome (Sablina and Hahn, 2008).

Of the eight known human polyomaviruses, replication systems
only exist for BK and JC virus. In contrast to the slow replication of
these viruses, the related Simian Virus 40 (SV40) replicates well in
monkey kidney cell lines and expresses a highly conserved TAg.
Most of our current understanding of TAg emerged from studies
on SV40 (Pipas, 2009).

Because the TAgs are conserved, and because humans lack a TAg
homologue, we suggested that this protein would provide a thera-
peutic target to prevent polyomavirus replication. We further
hypothesized that compounds that inhibit the ATPase activity of
TAg, which is required for viral replication, might be identified.
As a first proof-of-principle, Wright et al. determined that MAL2-
11B, which slows the ATPase activity of TAg and the ability of
the TAg J-domain to stimulate Hsp70 ATPase activity, inhibits the
replication of SV40 and BKV (Wright et al., 2009). However,
MAL2-11B is not suitable as a therapeutic due to its low solubility,
poor permeability, and low antiviral potency. Moreover, MAL2-11B
was not identified in a screen using TAg as a probe, but was a struc-
tural analog of compounds that alter the ability of ] domain-con-
taining proteins to activate Hsp70 (Fewell et al., 2004; Wright
et al., 2008). Thus, this agent was neither identified nor optimized
as a TAg-specific target. In a second attempt to identify anti-poly-
omavirus agents based on TAg ATPase inhibition, a screen was per-
formed that surveyed compounds that inhibited TAg ATPase
activity and were provided by the Molecular Libraries Screening
Centers Network. From these efforts — and via subsequent chemical
synthesis - a lead compound was identified (Seguin et al., 2012).
Unfortunately, the compound, bisphenol A (BPA), is cytotoxic and
is therefore also unsuitable as a current therapeutic for polyomavi-
rus-associated diseases.

To identify more potent, less toxic, and selective polyomavirus
inhibitors, we now report on a novel high throughput screen with
purified SV40 TAg. The screen took advantage of a new platform
to assess modulators of ATP-hydrolyzing enzymes. In addition, to
optimize our chances that potential therapeutics might be isolated,
the library included MAL2-11B-like compounds as well as com-
pounds developed and approved for other uses. As hoped, we iso-
lated TAg ATPase inhibitors that were significantly more potent
than MAL2-11B and less toxic than BPA. A preliminary structure—
activity relationship (SAR) identified the key chemical features of
the molecules that gave rise to their effects. The resulting lead com-
pounds also inhibited the replication of SV40 and BKV in cultured
cells with an effective dose-50% (EDsq) that was >10-fold lower than
the dose at which toxicity was apparent, thus providing a satisfac-
tory therapeutic index (TI). Because the lead compounds are ap-
proved by the FDA for other applications, our efforts set the stage
for the development and testing of new anti-polyomavirus agents.

2. Materials and methods

2.1. Reagents and chemical methods

The MicroSource MS2000 library contains ~2200 bioactive
compounds with a minimum of 95% purity. The collection includes

drug components (50%), natural products (30%) and other bioactive
compounds (20%) (Miyata et al., 2010).

Bithionol (CAS 97-18-7) and hexachlorophene (CAS 70-30-4)
were purchased from Sigma Aldrich, and the compounds
ST024951 (1), ST029256 (2), ST033374 (3) ST033385 (4),
ST057728 (5) and ST5308743 (6) were purchased from Timtec
(Newark DE). Compound 5250892 (7) was obtained from Chem-
Bridge (San Diego, CA), and resorcinol sulfoxide (8) and R128546
(9) were purchased from Sigma-Aldrich. The purities of these
bisphenol-like compounds were confirmed by HPLC/UV, and by
mass spectrometry when ionization was possible. Cidofovir was
kindly provided by Dr. Abhay Vats (University of Pittsburgh). Eight
known dihydropyrimidines were synthesized as described (Wisen
et al.,, 2008), and their structures were confirmed using high reso-
lution mass spectrometry and 'H NMR.

SV40 TAg was purified essentially as reported (Wright et al.,
2009). In brief, Sf9 cells were infected with a baculovirus engi-
neered for the expression of wild type TAg for 45 h. The cells were
harvested and lysed, and the lysate was clarified by high-speed
centrifugation. The resulting supernatant was loaded onto an
immunoaffinity column containing the monoclonal TAg antibody
PAB419 (Harlow et al., 1981) covalently linked to Protein G Sephar-
ose Fast-Flow beads. The column was washed, and fractions highly
enriched for TAg were eluted at pH 11. After the pH was adjusted
to neutrality, the protein was dialyzed against 10 mM Tris-Cl, pH
8.0, 1mM EDTA, 100 mM NacCl, 10% glycerol, and 1 mM DTT.
TAg-containing fractions and the purity of the final preparation
were verified by Coomassie Brilliant Blue staining of SDS-poly-
acrylamide gels and by western blot analysis. TAg was stored at
—80 °C until use.

2.2. A high throughput screen to identify inhibitors of TAg ATPase
activity

A collection of ~150 dihydropyrimidines was screened in 96-
well plates. Briefly, a stock solution of TAg was prepared in assay
buffer (100 mM Tris-Cl, pH 7.4, 20 mM KCl, and 6 mM MgCl,,
0.01 % Triton X-100) to yield a final concentration of 2.5 nM
(0.20 pg/puL). An aliquot of this solution (14 pL) was added to each
well of a clear 96-well plate and 1 uL of either the assay compound
(final concentration 200 M) or DMSO was added. The reaction
was initiated with 10 pL of 2.5 mM ATP. The plates were then incu-
bated for 3 h at 37 °C. After incubation, each well received 80 pL of
the quinaldine red reagent (Miyata et al, 2010), which was
quenched by the addition of 10 pL of a 32% sodium citrate solution.
However, screening of the larger MS2000 collection necessitated
development of a higher density format platform. Toward this goal,
a high throughput screen to identify inhibitors of the ATPase activ-
ity of TAg was performed as described (Miyata et al., 2010), but
with several modifications. First, 5 pL of the a stock solution of
TAg (final concentration 2.5 nM) was added to each well of opaque,
white, low-volume, nonsterile, polystyrene 384-well plates (Ther-
mo Fisher Scientific, Inc). It was critical to use these plates because
assay sensitivity was strictly dependent on fluorescence quenching
between the polystyrene plates and the quinaldine red agent (data
not shown). To each well, 0.2 uL of either the compound (at
~5 mM in DMSO) or DMSO was added. We found that assay perfor-
mance decreased above 5% DMSO. The reaction was then initiated
with 2 pL of 3.2 mM ATP, and the plates were incubated for 3 h at
37 °C. After incubation, each well received 15 pL of the quinaldine
red reagent, which was ultimately quenched by the addition of
2 pL of a 32% sodium citrate solution. The plates were incubated
for an additional 15 min before fluorescence intensity (excitation
430 nm, emission 530 nm) was measured on a PHERAstar plate
reader. The Z factor (Zhang et al., 1999) was calculated to be
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0.70. The coefficient of variation ranged from 6% to 10% and the sig-
nal-to-noise was ~50.

2.3. Biochemical and kinetic assays to assess TAg activity

A steady state ATPase assay with purified SV40 TAg was per-
formed as reported previously (Wright et al., 2009). In short, TAg
was preincubated with the indicated compound for 15 min on
ice, and upon addition of o*?P-ATP the reaction was moved to
30 °C. At the indicated times, aliquots were removed, the reaction
was quenched, and the ATP and generated ADP species were re-
solved by thin layer chromatography. The resulting data were ana-
lyzed on a Fujifilm BAS-2500 phosphoimager and quantified using
ImageGuage software (Fuji Film Science Lab). The data obtained
represent the results from at least three independent replicates.
ICso values were determined by titrating compounds into this as-
say such that the volume of DMSO was constant, and data were
standardized relative to a DMSO control. A sigmoid, 3-parameter
line regression of the resulting data was performed using Sigma-
Plot (Systat Software, San Jose, CA).

A variation of this assay was used to obtain the desired kinetic
constants via a Lineweaver-Burk plot. In these assays, ATP was ti-
trated from a final concentration of 7.14-50 UM and in the pres-
ence or absence of the indicated compound, and the rates of the
reactions were determined as described above. Each assay was per-
formed at least three times. These data were plotted as a double re-
ciprocal, and the K;;, and V,,,x values were determined from a line
fit. The differences in the obtained data sets were determined by
ANCOVA, performed by SAS (SAS Institute, Cary, NC). Pairwise
comparisons were performed for both the slope (used to determine
the K;,) and intercept (used to determine the V.x) of the line
determined by SAS, and the p values for these comparisons are
reported.

Limited proteolysis was based on a previously described proto-
col with some modification (Weisshart et al., 2004). TAg was puri-
fied as above. Reactions were assembled with 3 pg TAg, 30 uM
compound in DMSO and 4 mM nucleotide (either ATP or AMP-
PNP), then incubated for 20 min on ice prior to addition of prote-
ase. A denatured TAg control sample included 3.5 pL of TCA sample
buffer (80 mM Tris HCl pH 8, 8 mM EDTA, 120 mM DTT, 3.5% SDS,
0.29% glycerol, 0.08% Tris base and 0.01% bromophenol blue) in
place of DMSO or nucleotide, and was heated at 75 °C for 15 min
and cooled before addition of protease. Reactions were incubated
at 37 °C for 5 min with 1.8 ng of Proteinase K (Sigma) diluted in
10 mM Tris pH 8.0, 1.0 mM EDTA, 100 mM NacCl and 10% glycerol;
the final volume was 25 pL. The reaction was stopped with 5 pL of
100% trichloroacetic acid (Fischer Scientific) and incubated for
10 min on ice. Reactions were centrifuged at 13,000g at 4 °C for
10 min and the supernatants were removed. The pellets were
resuspended in TCA sample buffer, and then separated by 12.5%
SDS-PAGE. The proteins were visualized with Coomassie Brilliant
Blue.

2.4. Viral replication and cell culture assays

CV1 cells were grown in MEM + 10% FBS and pen/strep and Vero
cells (kindly provided by Dr. Bruce McClane, University of Pitts-
burgh) were grown in DMEM + 10% FBS + pen/strep at 37 °C in a
5% CO, incubator. SV40 stocks were prepared by plating CV1 cells
into 24-well dishes and infecting the cells with SV40 at a multiplic-
ity of infection (MOI) of 2 for 2 h. Next, the media was removed and
replaced with media containing the desired compound or an
equivalent volume of DMSO. Two biological replicates correspond-
ing to each treatment were performed. The media was refreshed at
24 h post infection (hpi), and again supplemented with either
DMSO or the indicated compound. At 48 hpi, when the viral

replication cycle of SV40 is nearly complete, the cells were frozen
and thawed three times to provide a viral stock. This stock was
titred by plaque assay using at least three technical replicates,
based on a previously reported protocol (Murata et al., 2008). In
brief, CV1 cells were grown on 6 cm dishes to near confluence
and dilutions of the viral stock were plated onto the monolayer
for 2 h, and then replaced by a 4 mL overlay of media in 0.9% Noble
agar. On 3 and 6 days post infection (dpi), an additional agar over-
lay was made. At 9 dpi, the agar was removed and the monolayer
was stained with crystal violet. Plaques were counted by eye,
and viral mediated cell clearing was confirmed by light
microscope.

A quantitative DNA replication assay for SV40 was performed as
previously described (Huryn et al, 2011; Li and Kelly, 1984;
Randhawa et al., 2005a). CV1 cells at ~90% confluency were in-
fected with SV40 at an MOI of 6, and after a 2 h infection the media
was removed and replaced with media containing the desired
compound or an appropriate volume of DMSO. These growth con-
ditions were used to mimic normal viral infection in non-dividing
cells. The media containing the compound was refreshed daily and
at 48 hpi the viral DNA was harvested by free-thawing the cells (at
—20°C) in media three times. The DNA from the resulting cell ly-
sates was stored at —20 °C and was then quantified by quantitative
PCR (qPCR) as outlined below.

To obtain larger quantities of SV40 DNA and to directly visualize
the viral DNA (see Fig. S2), CV1 cells were grown to 90% confluency
in 10 cm culture dishes, and were infected with SV40 at an MOI of
6. After 2 h of infection, the virus-containing media was replaced
with fresh media containing the appropriate drug concentrations
or the appropriate volume of DMSO. Dilutions were prepared in
DMSO for bisphenol and hexachlorophene and each dilution was
examined in cells in triplicate. After 24 hpi, the media was replaced
with fresh media containing the appropriate drug dilutions. At
48 hpi, the cells were collected and viral DNA was extracted using
the modified Qiagen miniprep protocol (Cantalupo et al., 2005).
Specifically, cells were washed in PBS and then 250 pL of buffer
P1 was added to each well. Next, 250 pL of P2 was immediately
added to lyse the cells. When cells were visibly lysed by examina-
tion by light microscope, the lysate was removed and incubated
with 500 pg Proteinase K at 55 °C for 1 h. The lysate was neutral-
ized with N3 Buffer, and mixed gently. Samples were centrifuged
for 10 min at 15,000g at 4 °C, and the resulting supernatant was
loaded onto the supplied mini-column and centrifuged for 1 min
at 15,000g at room temp. The column was washed in 700 pL PE,
and briefly centrifuged to remove residual ethanol. Finally, 50 puL
of TE pre-warmed to 50 °C was added to the column and equili-
brated for 5 min before a final 1 min elution with the 50 pl of TE
buffer at room temperature was performed. The concentration of
the purified viral DNA was determined using a nanodrop (Nano-
drop 2000, Thermo Scientific), and 10 pl of the purified DNA was
incubated with BamHI for 2 h at 37 °C to linearize the SV40 DNA.
Next, the total restriction digestion reaction was run on 0.8% aga-
rose gel, alongside a 1 kb DNA ladder. Gel images were taken at
identical resolutions and the viral DNA products were quantified
using Image ] software.

To quantify the replication of BKV, Vero cells at ~90% conflu-
ency in 12-well dishes were infected with BKV, kindly provided
by Dr. Michael Imperiale (University of Michigan), for 1 h at an
estimated MOI of 0.01. (BKV does not replicate as quickly or effi-
ciently as SV40, as a result less viral stock was available for use
in BKV infections than SV40 infections.) The infectious media
was removed and replaced with 1 mL media containing the indi-
cated compound or DMSO. Media containing the compound or
the DMSO control was refreshed daily for 5 days in contrast to
2 days for SV40, which reflects the much slower replication cycle
of BKV. In any event, these time periods represent less than one full
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round of viral replication. Ultimately, the cultures were lysed 5 dpi
by three freeze-thaw cycles at —20 °C. This viral stock was further
homogenized by pipetting before quantification by pPCR (see
below).

qPCR was performed to quantify the amount of SV40 or BKV
DNA and to assess the extent of viral replication. These DNA stocks,
obtained above, were serially diluted for qPCR assays as described
(Huryn et al., 2011). To perform the qPCR assay, a mix of primers
(see below) and Tagman probe (IDT) were assembled with PerfeCta
gPCR SuperMix, ROX (QuantaBiosciences) in MicroAmp plates
(ABI) on a 7300 Real-Time PCR System. Absolute quantification
was performed using pSVB3 (Pipas et al., 1983) as a reference for
SV40 and pBKV (Dalrymple and Beemon, 1990) as a reference for
BKV. Each of these plasmids contains the entire viral genome
cloned into a BamH1 site. A mix of primers that target the VP1 pro-
tein and Tagman probe (IDT DNA) (for SV40 5 (FAM)/ATCAGG
AACCCAGCACTCCACT/(IOWA BLACK) 3, primer 1-5' GATGAACACT
GACCACAAGG 3, primer 2-5' GCACATTTTCCCCACCT 3') were used
to detect SV40 (Wright et al., 2009). The primers for BKV detection
were reported elsewhere (Huryn et al., 2011).

To assess compound toxicity, an MTS (3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazo-
lium) assay was performed (Cory et al., 1991; Minguez et al., 2003).
CV1 cells were plated in 96 well dishes and grown to 90% conflu-
ency. The desired concentration of compounds was added to warm
MEM and plated onto cells in at least three technical replicates. At
24 h, the media was aspirated and the indicated compound dis-
solved in media was re-added. At 48 h, the media was again aspi-
rated but was replaced with diluted MTS reagent (Promega) in
MEM lacking phenol red. The plate was returned to the 37 °C incu-
bator for 3 h. Data were collected on a BioRad iMark Microplate
Reader (Hercules, CA) at 490 nm. The data were compared to both
a DMSO (negative) and 1 pM staurosporine (positive) control. The
LDso was determined by sigmoid 3-parameter line regression of
the data using SigmaPlot (Systat Software, San Jose, CA).

2.5. In silico chemical similarity searches

Similarity searches were conducted in an in-house database
MScreen (http://mscreen.lsi.umich.edu/) using each scaffold
against the external library set consisting of structures from Asin-
ex, ChemBridge, ChemDiv, MayBridge, NCI, PubChem, Sigma, and
TimTec. All structures within 70% similarity were retrieved for
each chemical scaffold. The combined results were imported into
the software program DVS and fingerprints using the 166 public
MACCS keys were computed for the structures. Fingerprints were
not successfully computed for all of the structures. Tanimoto dis-
tances were computed for each chemical scaffold against all of
the retrieved structures. The results were then imported into
Benchware DataMiner along with the structures and the original
scaffolds. To aid in sorting, each original scaffold was given a Tan-
imoto distance of “—1” to itself.

3. Results
3.1. Identification of compounds that inhibit TAg ATP hydrolysis

We hypothesized that inhibitors of the conserved and essential
SV40 TAg ATPase activity would be specific inhibitors of polyom-
aviruses, since each virus encodes a highly conserved TAg. Toward
this goal, we adapted a procedure originally developed to identify
inhibitors of Hsp70 ATPase activity (Chang et al., 2008; Miyata
et al., 2010). This method measures the enzymatic release of inor-
ganic phosphate from ATP using the quinaldine red (QR) reagent.
First, a library of approximately 150 dihydropyrimidines was

screened to identify close structural derivatives of MAL2-11B that
may be better TAg inhibitors (Wisen et al., 2008; Wright et al.,
2009). Compounds in this collection were screened at 200 pM in
96-well plates, as described in the Materials and methods. From
this process, thirteen compounds were identified that inhibited
>35% of the ATPase activity of TAg. Based on the fact that it lacks
endogenous ATPase activity, the compounds are predicted to have
no effect on small TAg. The activities of these compounds were
then confirmed by re-screening them against TAg in duplicate. To
complement these inhibitors and to identify alternative chemical
scaffolds, we next screened the commercially available Spectrum
Collection (MicroSource Discovery Inc., Groton, Conn), which con-
tains 2,240 known bioactives and drugs approved by the FDA for a
range of indications. However, because of the larger size of this li-
brary, a higher throughput (e.g. 384-well plates) version of the QR
assay was required. Therefore, we conducted pilot experiments
with TAg to understand whether a miniaturized version would still
give robust screening performance. We found that the signal was
linear for >3 h when the concentration of TAg was at least 2.5 nM
(0.20 pg/pL), the levels of ATP were 1 mM, and the reaction was
performed at 37 °C (Fig. 1A). TAg also yielded a dose-dependent in-
crease in signal intensity (Fig. 1B). Moreover, the assay exhibited
good screening parameters under these conditions, with an aver-
age Z factor between 0.6 and 0.7. Encouraged by these findings,
we screened the MS2000 collection in low volume, 384-well
microtiter plates to identify potential inhibitors. These compounds
were screened at 100 pM and 33 chemicals (1.4% of the collection)
were identified as potential inhibitors because they reduced ATP-
ase activity by >20% (Fig. 1C). Of these compounds, the 20 with
the best inhibitory activity were confirmed in duplicate. Together,
these combined screening efforts resulted in the identification of
13 dihydropyrimidines and 20 other compounds that appeared to
directly inhibit TAg ATPase activity.

Next, we wanted to test these compounds in an independent,
steady state ATPase assay. This assay relies on 2P radioactivity in-
stead of the colorimetric QR reagent. Unlike the QR assay, the stea-
dy state assay allows us to measure kinetics constants and is
conducted under conditions in which the enzyme is optimally
stable; thus, it is expected to identify false positives. From the list
of active compounds, we re-synthesized eight of the most potent
dihydropyrimidines and purchased 12 of the commercially avail-
able compounds from the MS2000 list. These compounds included
a number of flavones, polyphenols and bisphenols, such as querc-
itin, baicalein, and chloranil (Fig. 1D). We established that only
three of these compounds, bithionol, chloranil and hexachloro-
phene, were significantly more potent inhibitors than MAL2-11B
when used at a final concentration of 100 uM (Fig. 2A). The
remainder of the compounds were either false positives or their
activities were not significantly better than MAL2-11B. Because
chloranil caused TAg to aggregate under the utilized assay condi-
tions (Fig. S1), we focused our efforts on bithionol and hexachloro-
phene (Fig. 2B). Titrations of bithionol and hexachlorophene into
the steady state ATPase assay revealed apparent inhibitory concen-
tration-50% (ICsq) values of 3.3 £0.34 and 1.7 £ 0.17 uM, respec-
tively (Fig. 2C). Thus, the potencies of bithionol and
hexachlorophene were greater than those of any other reported
TAg inhibitor, including MAL2-11B, BPA, ellagic acid, and spiperone
(Goodwin et al., 2009; Seguin et al., 2012; Wright et al., 2009).

3.2. A structure-activity relationship for novel TAg ATPase inhibitors

Because the structures of bithionol and hexachlorophene are re-
lated, we hypothesized that the directed screening of other related
compounds would help us establish a structure-activity relation-
ship (SAR) for the inhibition of TAg ATPase activity. To this end,
an in silico search was performed and 60 compounds were identi-
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signal (ODgyo). To conserve protein, 0.20 ug per well (2.5 nM) was chosen for screening. Results are the average of triplicate wells and the error bars represent the standard
deviation (SD). (C) The results from screening the MS2000 collection. TAg was screened in 384-well plates, as described in Section 2. The red line is 3 standard deviations of
the negative control. The purple line is the Z factor, calculated by plate. The controls (positive (red): no enzyme; negative (blue): DMSO) were present on each plate. (D)
Chemical structures of the active compounds from the MS2000 collection that were confirmed in duplicate and then screened in the steady-state, radioactive ATPase assay
(see Fig. 2). (E) The structure of MAL2-11B is shown for comparison. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)

fied that were either structurally similar to these compounds or
could be employed to test specific hypotheses regarding the chem-
ical groups that mediate the inhibitory activity on TAg. A subset of
these compounds was then selected based on commercial
availability (Fig. 3A), and these were screened in the steady state

ATPase assay at a final concentration of 30 uM (Fig. 3B). This con-
centration was chosen based on the fact that bithionol and
hexachlorophene inhibited the ATPase activity of TAg by ~80%
(Fig. 2C). We found that only two of the tested compounds
inhibited TAg ATPase activity, and these agents, (6,6’-thiobis(2-
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Fig. 2. A high throughput screen identifies three inhibitors of TAg ATPase activity.
(A) The indicated compounds were tested in triplicate at a final concentration of
100 uM in a steady state ATPase assay and the data plotted relative to the DMSO
control, which is set at “100.” (B) The structures of bithionol and hexachlorophene
are shown. (C) Results from triplicate steady state ATPase assays are shown, +SD, for
bithionol, grey bars, and hexachlorophene, black bars, at the indicated concentra-
tions. Data were again plotted relative to the DMSO control, which was set at “100.”.

bromo-4-chlorophenol) and 6,6’-methylenebis(2-bromo-4-chloro-
phenol)), are most structurally similar to bithionol. Based on the
data in Fig. 3B, we also conclude that some essential features for
TAg inhibition include a bisphenol-like moiety, flexibility at the
biraryl linker group, and the presence of substituents at positions

2 and 4 on the phenols; however, bulky groups at these positions
appeared to disrupt inhibitory activity.

3.3. Bithionol and hexachlorophene inhibit SV40 replication

Bithionol and hexachlorophene were derived from the Spec-
trum 2000 library as FDA-approved compounds for their bacterio-
static and antiparasitic properties. In fact, both compounds were
used as topical antiseptics before other alternatives became avail-
able. In addition, bithionol has successfully been used to treat out-
breaks of the parasite Paragonimus westermani in humans, and can
be taken orally at a concentration of 40 mg/kg every other day
(Kim, 1970). To our knowledge, neither compound has been exam-
ined for its ability to treat a viral infection.

To examine whether the compounds inhibit polyomavirus rep-
lication, the activities of bithionol and hexachlorophene were first
tested in an SV40 plaque assay. CV1 monkey kidney cells were in-
fected with SV40 and treated with bithionol and hexachlorophene
at a final concentration of 30 pM. As a control, we also retested
MAL2-11B at a final concentration of 100 uM. It is important to
note that in these and all subsequent viral replication assays (see
below), the compounds were added after viral infection, so that
only effects on viral replication (and not viral entry) would be as-
sessed. Next, a crude viral stock was obtained and titred by plaque
assay. We first observed that MAL2-11B reduced the number of
plaques by nearly 60% (Fig. 4A), which is consistent with previ-
ously published results (Wright et al., 2009). We also discovered
that bithionol and hexachlorophene inhibited viral replication
nearly 100-fold relative to the DMSO control, indicating that both
compounds are significantly more potent inhibitors of SV40 prop-
agation than MAL2-11B. A more significant dose dependence on
the effects of bithionol and hexachlorophene on SV40 replication
was then performed, but in this assay total DNA was harvested
and linearized with HinDIII in order to visualize the viral DNA
(see Section 2; Fig. S2). By quantifying these data we obtained
ECsos for bithionol and hexachlorophene of 2.2 +0.51 pM and
3.2 £0.55 uM, respectively.

To confirm these results and to provide a quantitative method
to rapidly test TAg inhibitors, a qPCR assay was developed to mea-
sure SV40 DNA replication in our cell culture system. This assay is
based on previous work to detect the human polyomavirus BKV in
patient samples (Randhawa et al., 2005a,b). The assay takes advan-
tage of the small size of the polyomavirus genome (~5 kb), which
can be purified like a plasmid or isolated in sufficient quantities in
a supernatant fraction after subjecting the cells to freeze-thaw cy-
cles. In brief, cells were infected as described for the plaque assay
and processed, and the viral DNA was titred by absolute quantifi-
cation in a qPCR assay (see Materials and methods). Finally, the
data were compared to an untreated, infected control.

As anticipated, we again found that MAL2-11B at a final concen-
tration of 100 M inhibited DNA replication in culture by ~60%
(Fig. 4B). Further, both bithionol and hexachlorophene inhibited
DNA replication ~100-fold at 30 uM (Fig. 4B). This result is com-
pletely consistent with the results of the plaque assay, thus validat-
ing the protocol. Although not all viral DNA replicated during
infection leads to infectious viral particles (Rigby and Berg,
1978), we observed a clear correlation between the outcome of
the plaque assay and the qPCR assay. More generally, the data sup-
port our hypothesis that a directed isolation of TAg ATPase inhibi-
tors can be used to identify compounds that inhibit polyomavirus
replication.

One possible mechanism to explain the inhibition of viral repli-
cation is that the compounds compromise host cell viability. In-
deed, because of the bisphenol-like moiety, bithionol and
hexachlorophene are somewhat structurally related to BPA, which
is quite toxic in some cell types (Seguin et al., 2012). To exclude
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Fig. 3. A structure-activity relationship for the action of select bisphenols and bisphenol-like compounds for inhibition of TAg ATPase activity. (A) An in silico search for
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this scenario, a viability assay was performed with each compound
in CV1 cells. The data were also compared to a DMSO negative con-
trol and to a positive control, the toxic agent staurosporine. Impor-
tantly, the compounds were added and the cells were treated
under conditions that were identical to those used when the effects
of the compounds on SV40 replication were assessed (i.e., ~90%
confluency). It is also important to note that these assays were
purposely performed on cells that were nearly confluent and were
not in log-phase, as these viruses normally reside and replicate in
non-proliferative cells (see Section 1). In this assay, the Mlso (met-
abolic index-50) is defined as the concentration of compound that
yields one-half the signal compared to the negative control. The
Mlsqo values obtained for bithionol and hexachlorophene were 68
and 55 puM, respectively (95% confidence ranges based on the sig-
moidal fit of 41-60 and 29-71 uM, respectively), which is signifi-
cantly less toxic than BPA, as measured under similar conditions
(Seguin et al., 2012). This analysis also leads to the derivation of
the Therapeutic Index (TI) (Goodman et al, 2006) for the
compounds, which is defined as the Mlso/ECsq. For bithionol and
hexachlorophene the TIs were 31 and 17, respectively. These val-

ues indicate a relatively high degree of specificity, and of note,
some commonly used drugs (e.g., digoxin) have a TI of only ~2.
We therefore conclude that the antiviral effects of bithionol and
hexachlorophene are independent of their toxicities, and represent
improved compounds compared to BPA (also see Section 4).

In order to characterize how bithionol and hexachlorophene in-
hibit the ATPase activity of TAg, ATP was titrated into the steady
state ATPase assay while the concentration of inhibitor was held
constant. The data were analyzed by double reciprocal (i.e.,
Lineweaver-Burk) plots. To verify that meaningful kinetic informa-
tion could be obtained, we also assessed the ability of ADP to func-
tion as a bona fide competitive inhibitor for TAg's ATPase activity.
Fig. 5 presents an example of the analysis lacking or containing
ADP at a constant, final concentration of 150 uM. As expected,
the competitive inhibitor ADP increased the K, for ATP whereas
the V,ax stayed relatively constant, which is typical of competitive
inhibition (Segel, 1976). When bithionol and hexachlorophene
were examined at a final concentration of 3 uM, which inhibits
TAg ATPase activity by ~50%, there were statistically significant
increases in the Ky, values for ATP (Fig. 5 and Table 1). Effects on
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final concentration of 100 uM, whereas bithionol and hexachlorophene were used
at a final concentration of 30 pM.

the Vax values were also apparent but these were not significantly
different from the DMSO control (Table 1). The simplest interpreta-
tion of these data is that bithionol and hexachlorophene act as
competitive inhibitors for ATP. However, because of the significant
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Fig. 5. A Lineweaver-Burk analysis of TAg was performed over a range of ATP
concentrations and was used to determine the K, and V.. In this figure, the effect
of ADP at a final concentration of 150 pM was examined as a competitive inhibitor
of a range (final concentrations of 5-50 uM ATP) of substrate (S) concentrations.
Data represent values obtained either in the presence of DMSO (triangles), 150 M
ADP (circles) or 3 uM hexachlorophene (diamonds). Assays were performed at least
in triplicate, and are shown as means of the data, +SD.

differences in the structures of ATP and these two bisphenols, it is
also possible that the compounds bind another site, which alters
TAg conformation (see Section 4). It is also important to note that
the compounds do not cause a global unfolding of TAg, as evi-
denced by the use of a limited proteolysis assay (Weisshart et al.,
1996) (Fig. S3).

3.4. Bithionol and hexachlorophene inhibit BKV replication

We next examined whether bithionol and hexachlorophene in-
hibit the replication of a clinically relevant polyomavirus, BKV. For
this assay, a low titre infection was performed in Vero cells, and the
DNA was quantified by qPCR, as performed for SV40 (Fig. 4B). The
low titre infection is a result of the limited replication of BKV
in vitro. Data were compared to a DMSO control, MAL2-11B and
to cidofovir, which has been shown to inhibit BKV replication
in vitro and has been used clinically (Farasati et al., 2005; Johnston
et al, 2010). (A full range of cidofovir concentrations and the
resulting effects on SV40 replication are shown in Fig. S4.) The re-
sults of the experiment showed that bithionol and hexachloro-
phene inhibit BKV replication by ~70% at a final concentration of
30 uM, and this effect is comparable to the impact of MAL2-11B

Table 1

Bithionol and hexachlorophene affect the Ky, for ATP in TAg. Kinetic parameters (Kp,
and Vp,.x) were determined by Lineweaver-Burk analysis of TAg in the presence of
150 uM ADP or 3 pM bithionol or hexachlorophene over a range of ATP concentra-
tions, as shown in Fig. 4. ANCOVA was used to determine the p values for each pair-
wise comparison.

km (LM) Vimax (pmol/min)
TAg + DMSO 110 3.5
TAg + ADP 200" 2.9%
TAg + Bithionol 590** 10¢
TAg + Hexachlorophene 290* 6.6

TAg + DMSO versus TAg + ADP or bithionol, **p < 0.01.
TAg + DMSO versus TAg + hexachlorophene, *p < 0.05.
TAg + DMSO versus TAg + ADP, bithionol or hexachlorophene, *p > 0.5.
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or cidofovir on BKV when used at much higher final concentrations
(100 and 350 pM, respectively; Fig. 6A). Interestingly, hexachloro-
phene maintained its potent inhibition at 10 uM, but bithionol was
somewhat less effective at this lower concentration
(Fig. 6A). A model to describe this phenomenon is provided in
the Discussion.

Together, our data indicate that the directed screening for TAg
ATPase inhibitors can be used to identify inhibitors of polyomavi-
rus infection. Among these inhibitors, two compounds were iden-
tified that are more potent than clinically evaluated anti-virals and
are less toxic and have improved pharmacological properties than
other isolated TAg inhibitors (also see below). Our data also indi-
cate that second-round screening of agents via qPCR assay for
SV40 replication is a valid route to isolate inhibitors of BKV repli-
cation, which is a significantly more laborious virus to propagate
and analyze.

4. Discussion

Only recently have there been significant efforts to identify
polyomavirus inhibitors. One previous screening strategy to iden-
tify polyomavirus inhibitors took advantage of indirect read-outs
for viral infection, and led to the identification of ellagic acid and
spiperone as inhibitors of TAg expression in SV40, BKV, and JCV in-
fected cells (Goodwin et al., 2009). A preliminary analysis of these
compounds indicated that they may block viral entry. In these pre-
vious studies, target and off-target effects could not be ascertained.
In contrast, we took advantage of our knowledge of polyomavirus-
es biology to identify druggable components of the viral lifecycle.
We then created an assay to target this activity. The assay co-opts
the fact that TAg's ATPase activity is essential for viral replication
(Castellino et al., 1997; Fanning et al., 2009), and that humans lack
a TAg homologue. The data presented in this manuscript indicate
the success of this targeted, mechanism-based approach. Based
on the excellent Z factor and signal-to-noise for the targeted screen
(0.7 and 50, respectively), the specificity and structural similarities
of the lead compounds, and the fact that the estimated therapeutic
index for these compounds is >10, we are also confident that more
potent and efficacious inhibitors can be obtained via subsequent
efforts with more diverse libraries.

Our work was initiated to address the paucity of available ther-
apeutics for polyomavirus infection. Previous studies to identify
compounds that inhibit polyomavirus led to the discovery of
cidofovir, leflunomide (Farasati et al., 2005), and the quinolones
(Ali et al., 2007). These agents have been used with some success
in the clinic. Cidofovir inhibits BKV in vitro and is commonly used
as a treatment for BKVAN (Farasati et al., 2005), but high creatine
levels, which are typical in nephropathy, contraindicate its use.
In addition, there has been no controlled clinical study to suggest
that the lower dosage levels used in BKVAN actually compromise
viral replication beyond the impact of reducing immunosuppres-
sion (Hirsch and Randhawa, 2009). In our studies, the bisphenols
at a final concentration of 100 uM inhibited BKV replication to
approximately the same extent as a clinically used compound,
cidofovir, at a final concentration of 350 uM (Fig. 6A). Similarly,
the immunosuppressant used to treat rheumatoid arthritis, leflun-
omide, has been shown to decrease BKV replication in vitro but has
not been rigorously examined in clinical trials (Faguer et al., 2007;
Josephson et al., 2006a,b). A third class of compounds used for the
treatment of BKVAN is the quinolones, including ciprofloxacin and
ofloxacin. While these antibiotics have shown promise both in vitro
and in the clinic (Leung et al., 2005; Randhawa, 2005), many pa-
tients cannot tolerate them, and they exhibit relatively low po-
tency (Ali et al., 2007). In addition, we previously uncovered
MAL2-11B as an inhibitor of SV40 and BKV replication, but this
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Fig. 6. Both bithionol and hexachlorophene inhibit BKV DNA replication in Vero
monkey kidney cells. (A) The replication of BKV DNA was assessed after 5 days of
infection with MAL2-11B, cidofovir, bithionol or hexachlorophene, and the levels of
viral DNA were quantified by qPCR as described in Section 2. The data were
standardized to the DMSO control, which is set to “100” +SE. Data represent the
means of 12 experiments from four independent infections. Please note that MAL2-
11B was used at a final concentration of 100 M and cidofovir at 350 uM, whereas
bithionol and hexachlorophene were used at a final concentration of 10 or 30 uM.
(B) The combination of bithionol and cidofovir does not further inhibit SV40 DNA
replication in CV1 monkey kidney cells. Replication of viral DNA was quantified by
qPCR as described in Section 2. The data represent the means of eight independent
experiments, +SE. Each compound was tested as indicated at a final concentration
of 10 uM. The combination of 10 uM bithionol and 10 uM cidofovir was not
significantly different from the effect of 10 uM cidofovir alone.

agent was neither obtained via directed screening efforts nor opti-
mized as an anti-viral agent (Wright et al., 2009). Not surprisingly,
then, the low solubility and efficacy of this compound requires fur-
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ther refinement if the MAL2-11B scaffold is to be pursued as an
anti-viral lead structure. We also uncovered BPA as a TAg ATPase
inhibitor but we found that this toxic agent led to cell death at
approximately the same concentration that inhibition of TAg was
evident (Seguin et al., 2012). Thus, this compound was also unsuit-
able for development as a potential anti-viral agent.

Even though the potencies of the compounds described in this
report are comparable to MAL2-11B, various physicochemical
parameters and drug-like structural filters can be used to highlight
the differences between MAL2-11B, bithionol, and hexachloro-
phene. For example, the total polar surface area (TPSA) for the
three compounds is 95.9, 40.5, and 40.5, respectively, and their
molecular weights and numbers of rotatable bonds are 512.6,
356.1, and 406.9, and 12, 2, and 2. Therefore, as anticipated, bithi-
onol and hexachlorophene are far better than MAL2-11B in satisfy-
ing the standard structural filters for drug-likeliness. Even though
all three compounds have clogP’s >5, MAL2-11B does not pass
either lead likeliness, Lipinski, or Veber filters, whereas bithionol
passes lead likeliness and Veber filters, as well as the Lipinski rule
of 5 (3 of 4), and hexachlorophene passes the Veber filter and the
Lipinski rule of 5 (3 of 4) (Lipinski et al., 2001). In support that
the effects of the bisphenols do not stem from cytotoxicity, we
noted that the ability of bithionol and cidofovir, both at 10 uM,
to inhibit SV40 replication was not additive (Fig. 6B). Cidofovir-
mediated inhibition of SV40 was previously observed, and as
shown in Fig. S4, we have titrated this effect (Andrei et al., 1997).
Cidofovir is a cytosine analog and a general polymerase inhibitor.
If bithionol non-specifically inhibited viral replication, then one
would instead predict an additive or synergistic effect of cidofovir
and bithionol on replication. Overall, based on their physicochem-
ical properties and relative specificities, bithionol and hexachloro-
phene can be considered promising candidates for the
development of active pharmaceuticals.

As described above, bithionol and hexachlorophene were in-
cluded in the library used for our screen by virtue of the fact that
they are FDA approved for other applications. Both compounds
have been used as topical anti-microbials, but it is known that
overexposure can be toxic (Kimbrough, 1973; Powell and Lampert,
1973). Under conditions in which the potential neurotoxic effects
of these agents are not as problematic, bithionol and hexachloro-
phene also have veterinary applications as anti-parasitic and
anti-fluke agents. In fact, these compounds may be of use for the
veterinary treatment of Avian Polyomavirus, which can cause
acute death in a wide range of psittacine birds (Katoh et al.,
2010). Further, in geographical regions where fluke outbreaks in
humans are more problematic, bithionol has been used to success-
fully clear infections in humans after oral administration (Bacq
et al,, 1991; Kim, 1970; Lee and Kim, 2006; Price et al., 1993; Seo
et al., 1982).

The correlation between SV40 inhibition and BKV inhibition
confirms our hypothesis that the isolation of SV40 TAg ATPase
and SV40 replication inhibitors can lead to the identification of
inhibitors of other polyomaviruses. It was interesting that the rel-
ative potencies of hexachlorophene and bithionol on purified TAg
activity and on SV40 and BKV replication are within the same
range, although the compounds were somewhat less potent in
the cell-based replication assays. Indeed, one might expect effects
to be much more potent in vitro, particularly as compounds may be
metabolized to inactive species when incubated with cells. Thus, it
is worth noting that the compounds needed to be added with each
media change in the viral assays (see Section 2); the reason for this
was that the combined effects of viral replication and the com-
pounds led to a significant number of cells that rounded-up, an
observation that suggests that a toxic by-product of the com-
pounds is produced and needs to be removed. It was also curious
that bithionol and hexachlorophene inhibit BKV to a different ex-

tent when used at a final concentration of 10 pM, although their ef-
fects on the ATPase activity of TAg and on SV40 were essentially
identical. Notably, however, this phenomenon has been observed
previously (Wright et al., 2009). It may reflect bithionol’s differen-
tial interactions with the SV40 and BKV TAgs, which - while highly
conserved (74% identity) — are certainly not identical. It is also
worthwhile to note that while bithionol and hexachlorophene
are structurally similar, they may not interact identically with
TAg. Indeed, their effects on the K, for ATP in TAg are unique (Ta-
ble 1). A recent report also indicated that these agents inhibit glu-
tamate dehydrogenase, but interestingly they bound somewhat
differently to this hexameric enzyme when analyzed structurally
(Li et al., 2009). Hexachlorophene binds the center core of the hex-
amer, while bithionol binds at the twofold axis between pairs of
subunits. Thus, it is possible that bithionol and hexachlorophene
also interact differently with TAg, perhaps even at a site that is dis-
tinct from the ATP biding pocket. Indeed, even though the effects of
bithionol and hexachlorophene on the V.« of TAg were not statis-
tically significant (Table 1), it is possible that the compounds have
pleiotropic effects on TAg: a primary binding site might be at or
near the nucleotide pocket, as observed by competitive inhibition
of the NADPH binding enzyme 3-oxoacyl-ACP reductase (Wickra-
masinghe et al., 2006), whereas secondary binding may occur at
the hexameric interfaces in TAg. Nevertheless, we note that the
addition of both bithionol and hexachlorophene to TAg in the
in vitro assay did not lead to an additive or synergistic effect, sug-
gesting that the compounds do bind to a similar site on TAg (data
not shown). Together, specific questions regarding the mecha-
nisms of action of these compounds can best be resolved via a
structural analysis of bisphenol binding to TAg, an effort that is
underway. Regardless, it is important to emphasize that whatever
off-target effects these agents may possess, the magnitude of these
interactions is insufficient to alter cell viability anywhere near the
effective concentration needed to inhibit SV40 or BKV replication.

Overall, the experiments reported in this manuscript document
three important findings. First, we were able to design a high
throughput screen to identify inhibitors of the SV40 TAg. This
method was suitable for screening in 384-well plates and it may
be co-opted in the future to screen larger and more diverse li-
braries. Second, we identified two FDA-approved compounds that
inhibit both TAg ATPase activity and the replication of two polyom-
aviruses, SV40 and BKV. Third, we developed and verified the effi-
cacy of qPCR assays that can be employed to perform secondary
and tertiary screens to more rapidly verify the efficacies of polyo-
mavirus inhibitors in future efforts. The recent rise in the number
of new polyomaviruses and the fact that the population of immu-
nocompromised individuals is increasing indicate a dire need for
new antiviral therapies. Our work not only provides a novel strat-
egy to identify potent and specific polyomavirus inhibitors, but the
two most promising candidates from this effort may be re-formu-
lated and tested for their effects in the clinic.
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