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Human cytomegalovirus (CMV) causes significant disease in immunocompromised patients and serious
birth defects if acquired in utero. Available CMV antivirals target the viral DNA polymerase, have signif-
icant toxicities, and suffer from resistance. New drugs targeting different pathways would be beneficial.
The anthraquinone emodin is proposed to inhibit herpes simplex virus by blocking the viral nuclease.
Emodin and related anthraquinones are also reported to inhibit CMV. In the present study, emodin
reduced CMV infectious yield with an EC50 of 4.9 lM but was cytotoxic at concentrations only twofold
higher. Related anthraquinones acid blue 40 and alizarin violet R inhibited CMV at only high concentra-
tions (238–265 lM) that were also cytotoxic. However, atanyl blue PRL inhibited infectious yield of CMV
with an EC50 of 6.3 lM, significantly below its 50% cytotoxic concentration of 216 lM. Atanyl blue PRL
reduced CMV infectivity and inhibited spread. When added up to 1 h after infection, it dramatically
reduced CMV immediate early protein expression and blocked viral DNA synthesis. However, it had no
antiviral activity when added 24 h after infection. Interestingly, atanyl blue PRL inhibited nuclease activ-
ities of purified CMV UL98 protein with IC50 of 4.5 and 9.3 lM. These results indicate that atanyl blue PRL
targets very early post-entry events in CMV replication and suggest it may act through inhibition of UL98,
making it a novel CMV inhibitor. This compound may provide valuable insights into molecular events
that occur at the earliest times post-infection and serve as a lead structure for antiviral development.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Human cytomegalovirus (CMV) causes a spectrum of diseases
in immune compromised patients, including retinitis in HIV
patients, pneumonitis in transplant patients, and serious birth
defects characterized by sensorineural hearing loss and severe
mental retardation when acquired during pregnancy. Drugs cur-
rently licensed for the treatment of systemic CMV infections have
limited therapeutic effectiveness due to dose-limiting toxicities,
and prolonged therapy often results in resistance (Biron, 2006).
None are approved for treatment or prevention of congenital infec-
tions. Thus, there is a pressing need for more potent, less toxic
therapeutics to combat CMV infections.

One possible target for development of such novel antivirals is
the CMV UL98 alkaline nuclease encoded by the UL98 gene.
Homologs of UL98 are encoded by all known herpesviruses.
The alkaline nuclease encoded by herpes simplex virus type 1
(HSV-1), UL12, is necessary for efficient replication in cell culture
(Martinez et al., 1996; Shao et al., 1993). Impaired replication has
been linked to defects in DNA processing, capsid stability, and cap-
sid nuclear egress (Martinez et al., 1996; Porter and Stow, 2004;
Shao et al., 1993; Weller et al., 1990). Recently our group showed
that a CMV UL98 null mutant is severely compromised for replica-
tion (Kuchta et al., 2012). At least one function of the CMV UL98 is
likely to be similar to HSV-1 UL12 since the CMV UL98 gene can
functionally complement the replication defect of HSV-1 UL12 null
viruses (Gao et al., 1998). A recent study indicated that the nucle-
ase activity of UL12 is important for HSV-1 neurovirulence in mice
yet is largely dispensable for replication in cell culture (Fujii et al.,
2013). In contrast, earlier studies indicated that the nuclease
activity is important for in vitro replication since only alleles of
HSV-1 UL12 that encoded a functional nuclease were able to com-
plement replication of UL12 null mutant viruses (Goldstein and
Weller, 1998; Henderson et al., 1998).
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Consistent with UL12 nuclease activity playing important roles
both in vitro and in vivo, recent studies found that the anthraqui-
none emodin (Fig. 1) inhibits DNase activity of the HSV-1 UL12
in vitro, blocks replication of HSV-1 and herpes simplex virus type
2 (HSV-2) in cell culture, and reduces viral pathogeneses in a
mouse model (Hsiang and Ho, 2008; Xiong et al., 2011). Earlier
reports indicated that emodin and other anthraquinone derivatives
also have CMV inhibitory activities (Barnard et al., 1992, 1995),
although the mechanism of CMV inhibition has not been further
studied. In the present study the anti-CMV activities of emodin
and three related anthraquinones, atanyl blue PRL (also known as
acid blue 129), acid blue 40, and alizarin violet R (Fig. 1) were eval-
uated. Atanyl blue PRL had anti-CMV activity and acted at an early
post-entry stage of replication. Atanyl blue PRL also inhibited the
nuclease activity of UL98, suggesting a potential mechanism of
action in which UL98 activity is important early in the CMV repli-
cation cycle.

2. Materials and methods

2.1. Viruses and cell culture

Human MRC-5 fibroblasts (ATCC CCL-171) were propagated in
modified Eagle medium (Gibco-BRL) supplemented with 10% fetal
calf serum (HyClone Laboratories), 10,000 IU/L penicillin, and
10 mg/L streptomycin (Gibco-BRL) (MEM). CMV BADrUL131-Y4
(a gift from Thomas Shenk and Dai Wang) is a variant of CMV strain
AD169 that contains a marker cassette encoding green fluorescent
protein (GFP) under control of a simian virus 40 promoter inserted
into UL21.5 (Wang and Shenk, 2005). CMV RC2626 is a variant of
CMV strain Towne containing a luciferase expression cassette
under control of a synthetic P1125 promoter (composed of seven
tetracycline operator elements, a 23-bp TAATA-containing element
from the adenovirus major late promoter, and a 17-bp initiator
from the mouse TdT gene promoter) inserted into the US2-US6
region (McVoy and Mocarski, 1999). Expression of the relevant
marker proteins (GFP or luciferase) encoded by these viruses can
be detected as early as 24 h post infection (hpi). Viruses were prop-
agated in MRC-5 cells and titered as described (Cui et al., 2012,
2008; Saccoccio et al., 2011b).

2.2. Compounds

Ganciclovir was purchased from InvivoGen. BAY 38-4766 was
provided by Bayer� Pharmaceuticals (Tubingen, Germany).
Fig. 1. Structures of compounds used.
Emodin, atanyl blue PRL, and acid blue 40 were purchased from
Sigma–Aldrich Co. Alizarin violet R was purchased from MP Bio-
medicals. Ganciclovir was dissolved in water at a concentration
of 100 mM. The remaining compounds were solubilized in
dimethyl sulfoxide (DMSO, Sigma–Aldrich) at a stock concentra-
tion of 100 mM. Compounds were stored at �20 �C.

2.3. Luciferase-based yield reduction assay

CMV yield was determined using a luciferase-based assay as
described previously (Bhave et al., 2013). Briefly, 96-well plates
containing confluent monolayers of MRC-5 fibroblasts were
infected at low input multiplicity with luciferase-tagged CMV
RC2626 (McVoy and Mocarski, 1999) and incubated for 1 hour.
Various amounts of test compounds in MEM were then added.
No-virus controls and no-drug controls consisting of medium con-
taining 0.25% DMSO (equal to the maximum amount of DMSO
present in test compound assays) were assayed on each plate
and all conditions were assayed in triplicate. Cultures were main-
tained with no additional media changes until 5 days post infection
(dpi), when 50 ll of supernatant from each well was transferred to
black-walled, clear/flat-bottomed 96-well plates containing con-
fluent MRC-5 monolayers and luciferase activity was measured
24 h later using the Steady-Glo luciferase assay reagent (Promega).
Luciferase activity was measured in relative light units (RLU) using
a Biotek Synergy HT Multimode Microplate Reader. Data were nor-
malized by converting RLU to ‘‘percent maximum luminescence’’
for each experiment and fitted to four-parameter curves using
Prism 5 (GraphPad Software, Inc.) to determine the half-maximal
effective concentrations (EC50) of test compounds.

For time of addition studies cultures were infected as described
above and maintained in medium until compounds were added. At
different times post infection compounds diluted in culture med-
ium were added. Cultures were maintained with no additional
media changes until 5 dpi. Two preincubation experiments were
conducted in conjunction with time of addition studies. In the first,
wells containing uninfected cells were incubated for 1 h with med-
ium containing 28 lM atanyl blue PRL, then washed 3 times with
medium to remove the atanyl blue PRL. The cultures were then
infected as described above and maintained for 5 days in medium
without atanyl blue PRL. In the second, a 10-fold higher concentra-
tion of virus inoculum was incubated for 1 h with medium contain-
ing 28 lM atanyl blue PRL, then diluted 10-fold with culture
medium and added to wells containing cells.

2.4. Cytotoxicity assay

Black-walled, clear bottom 96-well plates containing confluent
monolayers of MRC-5 cells were incubated in triplicate with test
compounds as described above. After 5 days, 100 ll of each super-
natant was removed and 100 ll CellTiter-Glo assay reagent (Pro-
mega) was added to each well. Luminescence was measured in
RLUs as described above and the data were normalized and fitted
to four-parameter curves to determine the 50% toxic doses (TD50)
of test compounds.

2.5. GFP-based assays of gene expression, virus spread, and infectivity

Clear-walled, clear-bottom 96-well plates containing confluent
monolayers of MRC-5 cells were infected at 37 �C with
GFP-expressing CMV BADrUL131-Y4. At the time of virus infection,
atanyl blue PRL in MEM was added to achieve various final concen-
trations. No-virus controls and no-drug controls consisting of med-
ium containing 0.25% DMSO (equal to the maximum amount of
DMSO present in test compound assays) were assayed on each
plate and all conditions were assayed in triplicate. On specified
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dpi GFP fluorescence was quantified as relative fluorescent units
(RFUs) using a Biotek Synergy HT Multimode Microplate Reader
and used to calculate EC50 as described above. In some experi-
ments individual GFP-positive cells were marked and photomicro-
graphed every two days using a Nikon Eclipse TS100 UV inverted
microscope.

To measure the effect of atanyl blue PRL on CMV infectivity,
MRC-5 cultures in 96-well plates were infected with CMV
BADrUL131-Y4 at a concentration empirically determined to result
in 75% of wells becoming infected. Groups of 32 replicate wells
were treated at the time of infection with MEM containing increas-
ing concentrations of atanyl blue PRL. After 14 days wells were
scored for the presence or absence of GFP fluorescence using a
Nikon Eclipse TS100 inverted microscope. The percentage of posi-
tive wells for each group of 32 was plotted vs. atanyl blue PRL con-
centration and the EC50 was determined as described above.

2.6. Immunoblot analysis

Replicate 25 cm2 flasks containing confluent MRC-5 cells were
mock infected or infected with BadrUL131-Y4 at a multiplicity of
infection (MOI) of 0.8. At the time of infection replicate flasks were
adjusted to a final concentration of 28 lM atanyl blue PRL or left
untreated. Cells in replicate flasks were harvested daily on days
1–4 post infection and analyzed by immunoblotting as described
previously (Ryckman et al., 2008; Saccoccio et al., 2011a). Primary
antibodies included mouse monoclonal mAB810 (anti-IE1/2, Milli-
pore) diluted 1:1000, mouse monoclonal I2 (anti-UL98 (Rice et al.,
1984), a gift from Jay Nelson) diluted 1:1000, and rabbit polyclonal
antisera to glycoprotein B (gB) (a gift from Larry Smith, Vical Inc.)
diluted 1:2000. Secondary antibodies were horseradish peroxi-
dase-conjugated polyclonal goat anti-mouse or goat anti-rabbit
IgG (Thermo-Fisher) diluted 1:5000.

2.7. RT-PCR quantification of CMV DNA

Replicate 25 cm2 flasks containing confluent MRC-5 cells were
mock infected or infected with BadrUL131-Y4 at an MOI of 0.5.
One set of flasks contained MEM only throughout the experiment;
a second contained MEM with 28 lM atanyl blue PRL from the
time of infection; a third set contained MEM from the time of infec-
tion until 24 hpi, then MEM was replaced with MEM containing
28 lM atanyl blue PRL. Cells from replicate flasks were harvested
at 3, 24, 48, 72, and 96 hpi by trypsinization and DNA was
extracted as described previously (McVoy et al., 1997). DNA pre-
cipitates were dissolved in 20 ll water and DNA concentrations
were measured using a nanodrop spectrophotometer.

qRT-PCR was performed by the Virginia Commonwealth Univer-
sity Nucleic Acid Research Facilities using a ViiA 7 Sequence Detec-
tion System (Life Technologies) and TaqMan� Universal PCR Master
Mix Reagents (Life Technologies). The forward primer 50-GAG-
CCCGACTTTACCATCCA, reverse primer 50-CAGCCGGCGGTATCGA,
and probe VIC-ACCGCAACAAGATT-MGBNFQ were derived from
exon five of the UL122 gene as described previously (Boppana
et al., 2010). 10 ll reactions contained 20 ng DNA, 0.9 lM forward
and reverse primers, and 0.25 lM probe. Cycling conditions were:
50 �C for 2 min; 95 �C for 10 min; then 40 cycles of 95 �C for 15 s
and 60 �C for 1 min. 18S ribosomal RNA was measured using prim-
ers provided in the TaqMan� Assay Reagents as an endogenous con-
trol to determine relative CMV DNA copies/cell. Each reaction was
performed in triplicate.

2.8. Expression and purification of UL98

Recombinant UL98 was inducibly expressed in Escherichia coli
BL21 (DE3) lys S and purified using methods modified from those
previously described (Kuchta et al., 2012). The UL98 expression
vector pD17–98(wt) (Kuchta et al., 2012) was modified to
contain an N-terminal sequence encoding two tandem histidine
(his6) tags. This was accomplished by annealing of synthetic linkers
50p-TATGTCGTACTACCATCACCACCATCACCATTCTAGAGCTTGGCGT-
CACCCGCAGTTCGGAGGCCACCACCACCACCACCACAGCAGCGGCAGA
GAAAACCTGTATTTTCAGGGCCATATGTGGGGCGTC-30OH and 50p-
TCGAGACGCCCCACATATGGCCCTGAAAATACAGGTTTTCTCTGCCGCT
GCTGTGGTGGTGGTGGTGGTGGCCTCCGAACTGCGGGTGACGCCAAG
CTCTAGAATGGTGATGGTGGTGATGGTAGTACGACA-30OH and liga-
tion into NdeI/XhoI-restricted pD17-98(wt) to make plasmid
p2XhisUL98(wt).

E. coli BL21 (DE3) lys S cells containing p2XhisUL98(wt) were
cultured at 37 �C then induced with IPTG for 4 h at 25 �C as
described previously (Kuchta et al., 2012). Bacteria from 3 L of cul-
ture were pelleted, snap frozen in liquid nitrogen, and stored at
�80 �C. Frozen cells were thawed on ice in buffer A (20 mM Tris–
Cl, pH 8.0, 10 mM imidazole, 10% glycerol, 300 mM NaCl, and 1%
NP-40), extracted by ultrasonic disruption, and clarified by centri-
fugation at 70,000�g. The supernatant was diluted 1:3 with buffer
A then applied to an AKTA fast protein liquid chromatography sys-
tem equipped with a 6 ml Ni-agarose column (Ni–NTA Superflow,
QIAGEN) equilibrated in buffer A. The column was washed with
40 ml of buffer A containing 20 mM imidazole and eluted with a
60 ml linear gradient of buffer A containing 20–500 mM imidazole.
Fractions containing UL98 (material reactive to I2 monoclonal anti-
body by immunoblot analysis) were combined and dialyzed over-
night in buffer B2 (20 mM Tris–Cl, pH 8.2, 50 mM NaCl, 1 mM
EDTA, 2 mM 2-mercaptoethanol, 10% glycerol), then applied to a
1 ml Mono Q column equilibrated in buffer B2. The column was
washed with 10 ml buffer B2 and proteins were eluted into 1 mL
fractions with a 25 ml linear gradient of buffer B2 containing 0–
500 mM KCl. Fractions were assayed for the presence of nuclease
activity as described below and by immunoblotting with I2 mono-
clonal antibody. UL98 was present in fractions eluted with �340–
350 mM KCl and stored for up to 1 month at 4 �C.

2.9. Nuclease inhibition

Two assays were used to measure inhibition of UL98 nuclease
activity. The first measured combined endonuclease and exonucle-
ase activity as release of trichloroacetic acid (TCA) soluble-radioac-
tivity from uniformly 14C-labeled E. coli duplex DNA as described
previously (Hoffmann and Cheng, 1978). A unit of enzyme activity
was defined as the amount of enzyme required to digest 1 ng of
labeled DNA to TCA-solubility in 10 min at 37 �C. Various com-
pound concentrations were added to reaction mixes and assays
were initiated by the addition of purified UL98 (1100 units). Con-
trol reactions contained 5% DMSO without compound. After incu-
bation for 15 min at 37 �C, reactions were terminated by addition
of TCA to a 5% final concentration and 50 lg unlabeled, sonicated,
and denatured salmon sperm DNA as carrier. The second assay
used a doubly-quenched fluorescent hairpin probe to measure pre-
dominantly exonuclease activity in a fluorescent resonance emis-
sion transfer (FRET) assay. A synthetic 29-mer oligonucleotide
was labeled at the 50 end with FAM fluorophore, between nucleo-
tides 9 and 10 with ZEN quencher, and at the 30 end with Iowa
Black dark quencher (IDT). The probe was heated to 95 �C for
2 min and quenched on ice to form a hairpin containing a 4-bp 50

overhang. Exonucleolytic release of the 50 FAM-labeled nucleotide
resulted in fluorescence. 70 ll assays containing 400 nM hairpin
DNA substrate were incubated with 10 ll purified enzyme (1100
units as described above) for 15 min at 37 �C and terminated by
the addition of EDTA to 16 mM final concentration. 20 ll aliquots
were transferred in triplicate to round-bottom black-walled
384-well pates and RFUs were measured using a SpectraMax M5
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fluorometer (Molecular Devices). Controls containing substrates
incubated without enzyme were used to determine background
values, which were subtracted from experimental readings. Data
for each inhibitor concentration were expressed as the percentage
of maximal activities obtained from untreated controls (DNA plus
enzyme in 5% DMSO). Means (±1 standard deviation) from three
independent assays were plotted and fitted to four-parameter
curves to determine 50% inhibitory concentrations (IC50).
2.10. Molecular interaction analysis of atanyl blue PRL and acid blue
40 with UL98

Structures of the compounds were sketched using SYBYL-X 2.1
(Tripos Inc.); Gasteiger–Hückel charges were assigned and sub-
jected to energy minimization under the Tripos force-field
(10,000 iterations, termination gradient of 0.01 kcal/mol-Å). A pre-
viously reported model of UL98 in complex with substrate DNA
(Kuchta et al., 2012) was used to perform docking studies using
GOLD v5.2. The binding site was defined to encompass all atoms
within 10 Å radius of Od1 of D254, which is located at the center
of the active site. Default genetic algorithm parameters were used
and a total of 50 solutions per compound were generated (no early
termination, no constraints). The most plausible binding mode was
identified using the HINT force-field (Kellogg and Abraham, 2000).
The ligand in its most favorable binding conformation was com-
plexed with the protein and subjected to minimization (Powell
minimization, 2500 iterations, termination gradient of 0.01 kcal/
mol-Å) to remove steric clashes and optimize the protein–ligand
interactions within the active site.
3. Results

3.1. Antiviral activities of emodin and other anthraquinone derivatives

To further explore the anti-CMV activity of emodin and related
anthraquinones (Fig. 1), a luciferase-based yield reduction assay
(Bhave et al., 2013) was used. MRC-5 cells were infected with a
luciferase-tagged CMV at an MOI of 0.03 and increasing concentra-
tions of emodin were added 1 hpi. Five dpi virus yields were mea-
sured by transfer of culture supernatants to uninfected MCR-5 cells
and measurement of luciferase activity in these cultures 24 h later.
Cytotoxicity was evaluated by adding the same concentrations of
emodin to uninfected MRC-5 cells for 5 days and then measuring
intracellular ATP levels as a function of luciferase activity using
the CellTiter-Glo assay. Luciferase data were used to determine
emodin’s 50% effective concentration (EC50) for anti-CMV activity
and 50% cytotoxic dose (TD50) (Table 1). While the EC50 of
4.9 lM confirmed that emodin inhibits CMV replication, emodin
concentrations less than twofold higher were cytotoxic (Fig. 2A
le 1
ti-CMV activities and cytotoxicities of anthraquinone derivatives (lM ± SD).

Compound This study

Anti-CMVb Cytotoxicityc S

Emodin 4.9 ± 0.38 9.2 ± 1.3 1
Acid blue 40 205 ± 27 231 ± 27 1
Alizarin violet R 183 ± 19 342 ± 40 1
Atanyl blue PRL 6.3 ± 1.5 216 ± 12 3

(Barnard et al., 1992, 1995).
EC50 from luciferase-based CMV yield assays.
TD50 from CellTiter-Glo cytotoxicity assays.
EC50 from plaque reduction assays.
IC50 from morphological cytotoxicity assays.
Selectivity index (SI, determined as TD50/EC50).
and Table 1). Thus, emodin’s anti-CMV activity is likely to be
non-specific and arise simply due to toxic effects on host cells.

Several other anthraquinone derivatives were previously
reported to possess anti-CMV activity (Barnard et al., 1995). Atanyl
blue PRL, acid blue 40, and alizarin violet R (Fig. 1) were evaluated
using the assays described above. EC50 for acid blue 40 and alizarin
violet R were high (205 lM and 183 lM, respectively) and closely
corresponded to their cytotoxicities (Fig. 2 B and C, Table 1). Thus,
while less toxic than emodin, these two compounds also appeared
to lack virus-specific inhibitory activity. In contrast, atanyl blue
PRL exhibited anti-CMV activity similar to emodin (EC50 = 6.3 lM)
but with a cytotoxicity similar to that of acid blue 40 and alizarin
violet R (TD50 = 216 lM) (Fig. 2D, Table 1). The resulting selectivity
index (SI) of 34 (Table 1) suggests that atanyl blue PRL has CMV
inhibitory activity.

3.2. Atanyl blue PRL blocks viral-encoded GFP expression, virus spread,
and infectivity

To determine the impact of atanyl blue PRL on viral gene
expression, cell cultures were infected with a CMV genetically
engineered to express GFP. An MOI of 1 was used in order to ini-
tially infect approximately two-thirds of cells in the culture.
Increasing concentrations of atanyl blue PRL were added immedi-
ately after infection and GFP fluorescence was quantified at 4 dpi.
Atanyl blue PRL reduced GFP expression from infected cells in a
dose–responsive fashion (Fig. 3A). The EC50 calculated from these
GFP data (6.2 lM) was comparable to the luciferase-based anti-
CMV activity (6.3 lM) (Table 2).

A similar experiment was conducted to measure the effect of
atanyl blue PRL on CMV spread. In this case cultures were infected
at an MOI of 0.1 such that �10% of cells were initially infected. GFP
was measured 20 dpi, allowing progeny time to spread to the
remaining cells in the culture. Atanyl blue PRL reduced GFP expres-
sion in a dose–responsive fashion in these experiments as well
(Fig. 3B), with an EC50 of 6.3 lM that was identical to that obtained
from the higher MOI experiment, above.

To visualize the effect of atanyl blue PRL on CMV spread, cul-
tures were infected at an MOI of 0.01 and were either mock treated
with 5% DMSO or were treated with 9 lM atanyl blue PRL. At 6 dpi
individual GFP-positive cells were identified and marked so that
they could be relocated and photographed every 2 days thereafter.
In the absence of inhibitor, GFP-positive foci expanded to form
large syncytia, presumably by infecting and subsequently fusing
with adjacent cells. In contrast, in the presence of atanyl blue
PRL, GFP-positive foci expanded to very few cells (Fig. 3C).

It was noted that atanyl blue PRL did not eliminate GFP expres-
sion observed at 6 dpi, but greatly reduced the number of GFP-
positive cells per well compared to the vehicle control (data not
shown). This suggested the possibility that atanyl blue PRL reduced
Previously reporteda

If Anti-CMVd Cytotoxicitye SIf

.9 4.1 9.6 2.3

.1 10 380 38

.9 10 300 30
4 7 275 40



Fig. 2. Luciferase-based viral yield and cytotoxicity assays. (A) Antiviral activity of emodin (blue line) was determined by infecting confluent MRC-5 monolayers in 96-well
plates with luciferase-tagged CMV RC2626 at an MOI of 0.03 in the presence of increasing concentrations emodin. After 5 days supernatants were transferred to 96-well
plates containing fresh MRC-5 monolayers and 24 h later the cultures were lysed and luciferase activities determined as a measure of virus in the transferred culture
supernatants. Cytotoxicity (red line) was determined by incubating replicate uninfected cultures with emodin for 5 days, then determining luciferase activities as a measure
of cell viability using the CellTiter-Glo assay. (B) Antiviral activities of the indicated compounds were determined as described for panel A. (C) Cytotoxicities of the indicated
compounds were determined as described for panel A. (D) Results from panels B and C are graphed together to illustrate the difference between antiviral activity (blue) and
cytotoxicity (red) of atanyl blue PRL. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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CMV infectivity by promoting abortive infections that failed to
reach the stage at which GFP is expressed. To quantify the impact
of atanyl blue PRL on CMV infectivity, MRC-5 cells in 96-well plates
were infected with GFP-tagged CMV at a dilution empirically
determined to result in infection of only 75% of wells. Under these
conditions most of the infected wells received only one or two
infectious virions. Increasing concentrations of atanyl blue PRL
were added to replicate sets of 32 wells. After 14 days wells were
scored for the absence or presence of GFP (indicating successful
viral entry and gene expression). Although no drug controls con-
firmed that 75% of wells received at least one infectious virus that
led to GFP expression by 14 dpi, the percentage of GFP-positive
wells when treated with atanyl blue PRL decreased in a dose-
dependent manner. The EC50 calculated from these data (7.1 lM)
was similar to those obtained from virus yield or GFP expression
assays (Fig. 3D, Table 2), suggesting that atanyl blue PRL blocks
CMV at an early stage in the viral replication cycle.

3.3. Time of addition studies indicate that atanyl blue PRL acts early in
viral replication

To better determine the stage of viral replication affected by
atanyl blue PRL, the compound was added to virus or cells prior
to infection, to cells and virus at the time of infection, or to infected
cells at different times post infection. Based on the results shown
in Fig. 2D a concentration of 28 lM atanyl blue PRL was selected
as the lowest concentration that results in effective inhibition of
viral yield. Ganciclovir, which inhibits CMV DNA synthesis, and
BAY 38-4766, which inhibits CMV DNA packaging (Buerger et al.,
2001), were also tested as known late-acting controls. As expected,
ganciclovir and BAY 38-4766 could be added as late as 72 hpi and
still substantially reduce virus yield detected on day 5. In contrast,
antiviral activity of atanyl blue PRL was lost when added 24 hpi or
later (Fig. 4A). To refine the window of activity the experiment was
repeated with atanyl blue PRL added at 0, 6, 12, 24, and 48 hpi. As
before, atanyl blue PRL was ineffective when added at 24 hpi but
retained partial effectiveness when added at 6 or 12 hpi (Fig. 4B).

The above results suggested that atanyl blue PRL inhibits an
important step in viral replication that is sufficiently completed
by 24 hpi. However, because viral attachment and entry are largely
completed by that time, it was possible that viral particles were
inactivated by exposure to atanyl blue PRL before or during attach-
ment and entry. To test this possibility the viral inoculum was pre-
incubated with 28 lM atanyl blue PRL for 1 h, then diluted 10-fold
and added to cells. Pretreatment had no impact on viral yield
5 days later (Fig. 4B), indicating that transient exposure to an effec-
tive concentration of atanyl blue PRL does not irreversibly inacti-
vate infectivity of virions. In a similar experiment, cells were
pretreated with 28 lM atanyl blue PRL for 1 h, then washed just
prior to infection to remove atanyl blue PRL. Pretreatment of cells
had no impact on viral yield 5 days later (Fig. 4B), indicating that
atanyl blue PRL does not induce changes in the cellular environ-
ment that limit subsequent viral entry or replication.

3.4. Atanyl blue PRL reduces levels of CMV immediate early proteins

Following entry, the CMV genome is deposited within the
nucleus, where abundant transcription initiates at the major
immediate early promoter (MIEP), resulting in rapid accumulation
of several immediate early (IE) proteins. These in turn are required
for expression of early proteins, which include factors required for
viral DNA synthesis. This in turn triggers expression of late pro-
teins that are required to assemble progeny virions. The time of
addition studies above suggested that atanyl blue PRL may block
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Fig. 3. Effects of atanyl blue PRL on CMV-encoded GFP expression, spread, and infectivity. (A) 96-well plates containing confluent monolayers of MRC-5 cells were infected at
an MOI of 1 with GFP-tagged CMV BADrUL131-Y4 in the presence of increasing concentrations of atanyl blue PRL. Four dpi GFP fluorescence was determined as a measure of
viral gene expression. (B) The same experiment was conducted using an MOI of 0.1 such that only once cell in ten was initially infected. GFP fluorescence was determined
every 2 days as a measure of viral spread to cells that were initially uninfected; data shown are from 20 dpi. (C) 96-well plates containing confluent monolayers of MRC-5 cells
were infected with BADrUL131-Y4 at an MOI of 0.01 in the absence (Ø) or presence of 9 lM atanyl blue PRL. GFP-positive cells were marked and photographed 6 dpi and at 2-
day intervals thereafter; representative images are shown. (D) Thirty-two replicate wells containing MRC-5 cells were infected with an inoculum of BADrUL131-Y4 sufficient
to infect 75% of the wells in the absence of inhibitor. Replicate sets of 32 wells were infected and treated with increasing concentrations of atanyl blue PRL. After 14 days wells
containing GFP-positive cells were scored as having undergone successful viral infection and spread. The number of positive wells out of 32 was converted to % GFP positive
wells.

Table 2
CMV-inhibitory activities of atanyl blue PRL (lM ± SD).

Assay Activity (EC50 or
IC50)

Infectious yield (luciferase-based, 5 dpi, MOI = 0.03) 6.3 ± 1.5
Viral gene expression (GFP-based, 4 dpi, MOI = 1) 6.2 ± 0.9
Spread (GFP-based, 20 dpi, MOI = 0.1) 6.3 ± 0.8
Infectivity (% GFP-positive wells) 7.1 ± 6.0
Inhibition of UL98 total nuclease activity (14C release) 4.5 ± 0.7
Inhibition of UL98 50 exonuclease activity

(fluorescence)
9.3 ± 2.3
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replication prior to IE protein expression. To address this question,
cells infected in the presence or absence of 28 lM atanyl blue PRL
were assayed by immuoblotting to determine levels of IE proteins.
As shown in Fig. 5A, atanyl blue PRL profoundly reduced the levels
of CMV IE proteins throughout the course of infection. Levels of the
early protein UL98 and late protein gB were also reduced (data not
shown).

3.5. Atanyl blue PRL does not directly inhibit CMV DNA synthesis

By 24 hpi the CMV genome has circularized and the initial
stages of DNA replication have begun; however, significant ampli-
fication of CMV DNA does not occur until 36–48 hpi (McVoy and
Adler, 1994). That addition of atanyl blue PRL at 24 hpi had no
impact on yield strongly suggested that atanyl blue PRL does not
affect CMV DNA synthesis or inhibit the viral DNA polymerase or
other replication factors. To directly determine the impact of ata-
nyl blue PRL on CMV DNA synthesis, CMV-infected cultures were
either left untreated or treated with 28 lM atanyl blue PRL from
the time of infection or starting at 24 hpi. Replicate cultures were
harvested at 3, 24, 48, 72, and 96 hpi and relative copy numbers
of intracellular CMV DNA were determined by qPCR. In untreated
cultures, CMV DNA replication began between 24 and 48 hpi and
copy number increased steadily thereafter (Fig. 5B). However,
when atanyl blue PRL was present from the time of infection,
CMV DNA copy number remained low throughout the time course.
Addition of atanyl blue PRL at 24 hpi delayed but did not prevent
the onset of CMV DNA synthesis. Copy number began to increase
at 72 hpi and exceeded the mock-treated control at 96 hpi
(Fig. 5B). These results confirm that atanyl blue PRL does not
directly inhibit viral DNA syntheses.
3.6. Atanyl blue PRL inhibits the CMV alkaline nuclease UL98

Inhibition of the viral alkaline nuclease by emodin has been
proposed as the mechanism of emodin’s antiviral activity against
HSV-1 and HSV-2 (Hsiang and Ho, 2008). In prior studies we
expressed and purified the CMV alkaline nuclease, UL98, and char-
acterized its nuclease activities in vitro (Kuchta et al., 2012). To
determine if atanyl blue PRL inhibits the nuclease activity of



Fig. 4. Time of addition studies. (A) MRC-5 monolayers in 96-well plates were infected with luciferase-tagged CMV RC2626 at an MOI of 0.03. Atanyl blue PRL, ganciclovir, or
BAY 38–4766 were added without removal of existing medium to final concentrations of 28 lM, 10 lM, or 8 lM, respectively, at 0, 24, 48, 72, 96, or 120 hpi and the cultures
were maintained without further medium changes until 5 dpi. (B) The experiment in A was repeated but atanyl blue PRL was added to a final concentration of 28 lM at 0, 6,
12, 24, or 48 hpi. In the same experiment a preincubation (cells) group consisted of wells that were preincubated for 1 h with 28 lM atanyl blue PRL, washed three times with
medium, then infected with virus as above and incubated without atanyl blue PRL for 5 days. In a preincubation (virus) group a 10-fold higher concentration of virus
inoculum was preincubated with 28 lM atanyl blue PRL for 1 h, diluted 10-fold with medium, added to cells as above, and incubated without atanyl blue PRL for 5 days. Virus
yields were determined 5 dpi by transfer of culture supernatants to fresh MRC-5 monolayers and quantitation of luciferase activity after incubation for 24 h.
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Fig. 5. Impact of atanyl blue PRL on CMV IE protein and DNA synthesis. (A) MRC-5
cells were infected at an MOI of 0.8 in the absence (Ø) or presence of 28 lM atanyl
blue PRL (AB). Cell lysates were prepared on the indicated dpi and analyzed by
immunoblotting using antibodies specific to IE1/2. Images are composites from
separate gels. Treated and untreated samples from a given day were analyzed on
the same gel and are quantitatively comparable; however, samples from different
days were analyzed on separate gels and therefore do not accurately reflect
quantitative changes over time. (B) MRC-5 cells were infected with an MOI of 0.5.
Replicate cultures were treated with no inhibitor, with 28 lM atanyl blue PRL from
the time of infection, or with 28 lM atanyl blue PRL starting at 24 hpi. DNA was
extracted from replicate cultures at 0, 24, 48, 72, and 96 hpi and relative CMV DNA
levels were determined by RT-qPCR.
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recombinant UL98, we performed two different assays. In the first,
we measured the effect of increasing concentrations of the inhibi-
tor on the ability of purified UL98 to degrade a uniformly labeled
DNA substrate to a TCA-soluble form (�6-mer or less). This assay
measures a combination of endonuclease and 50-to-30 exo activities
(Hoffmann and Cheng, 1978). Atanyl blue PRL inhibited the release
of soluble radioactivity with an IC50 of 4.5 lM (Fig. 6A). In contrast,
the related compound acid blue 40 had little or no effect on the
nuclease activity of UL98 at concentrations 10-fold higher
(IC50 = 99 lM). The second assay used a FRET assay to measure
removal of a 50 labeled fluorophore from a 30 and internally-
quenched hairpin DNA substrate by 50 to 30 exonuclease activity.
In this assay atanyl blue PRL inhibited UL98’s nuclease activity
with an IC50 of 9.3 lM, while again acid blue 40 had little inhibi-
tory activity (IC50 = 149 lM, Fig. 6B). These results confirm that
atanyl blue PRL inhibits the nuclease activity of purified UL98.
4. Discussion

Anthraquinones and anthraquinone derivatives are bioactive
compounds found in extracts derived from bacteria, fungi, lichens,
and plants. A number of compounds in this class have been shown
to inactivate or inhibit entry and/or replication of a wide variety of
viruses, including herpesviruses (HSV-1, HSV-2, pseudorabies
virus, varicella zoster virus), retroviruses (including HIV), vesicular
stomatitis virus, influenza virus, parainfluenza virus, vaccinia virus,
SARS coronavirus, hepatitis B virus, poliovirus, and Coxsackievirus
(Andersen et al., 1991; Cohen et al., 1996; Esposito et al., 2011,
2012; Higuchi et al., 1991; Ho et al., 2007; Liu et al., 2013;
Schinazi et al., 1990; Schwarz et al., 2011; Semple et al., 2001;
Shuangsuo et al., 2006; Sydiskis et al., 1991). A variety of mecha-
nisms have been described, including inactivation through disrup-
tion of viral envelopes (Alves et al., 2004; Andersen et al., 1991;
Sydiskis et al., 1991), disruption of virion/receptor interactions
(Ho et al., 2007), disruption of ion channels (Schwarz et al.,
2011), inhibition of host protein kinase 2 (Battistutta et al., 2000;
Yim et al., 1999), and inhibition of reverse transcriptase and RNase
H (Esposito et al., 2011, 2012; Higuchi et al., 1991; Schinazi et al.,
1990).

In the 1990s emodin and certain other anthraquinone deriva-
tives were reported to have anti-CMV activities (Barnard et al.,
1992, 1995). More recent studies found that emodin has activity
against replication of HSV-1 and HSV-2 in cell culture and has ther-
apeutic benefit in a mouse model of HSV pathogenesis (Hsiang and
Ho, 2008; Xiong et al., 2011). These studies prompted our
investigations into the anti-CMV activities of emodin and related
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Fig. 6. Atanyl blue PRL inhibits UL98 nuclease activity. (A) Purified recombinant UL98 was incubated with 14C-labeled E. coli DNA in the presence of increasing concentrations
of atanyl blue PRL or acid blue 40. Total nuclease activity was measured as TCA-soluble counts. (B) Purified recombinant UL98 was incubated with a synthetic hairpin DNA
containing a 50 FAM fluorophore and two quenchers (internal and 30) in the presence of increasing concentrations of atanyl blue PRL or acid blue 40. 50-to-30 exonuclease
activity was measured as increases in fluorescence resulting from release of FAM. Data for each inhibitor concentration were expressed as the percentage of maximal
activities obtained from untreated controls (DNA plus enzyme in 5% DMSO).
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anthraquinone derivatives. The EC50 of emodin for inhibiting CMV
in our studies (4.9 lM) were remarkably similar to that reported
by Barnard et al. (4.1 lM) (Barnard et al., 1992) (Table 1). However,
the high toxicities resulting in low SIs from both studies (Table 1)
suggest that emodin’s CMV inhibition likely arises through non-
specific disruption of cellular metabolic processes rather than inhi-
bition of processes uniquely required for virus replication. In a sub-
sequent study, Barnard et al. examined the anti-CMV activities of
several anthraquinone derivatives (Barnard et al., 1995). For acid
blue 40 and alizarin violet R they reported EC50 of 10 lM. We were
unable to confirm these results. In our assays acid blue 40 and aliz-
arin violet R had EC50 of 205 and 183 lM and SIs of 0.9 and 1.4
(Table 1), respectively, again suggesting a lack of specific antiviral
activity. However, our EC50, TD50, and SI for atanyl blue PRL
(6.3 lM, 216 lM, and 34 lM, respectively) were very similar to
those reported by Barnard et al. (7 lM, 275 lM, and 40 lM)
(Barnard et al., 1995) (Table 1).

In the present study we have extended these previous findings
by demonstrating that atanyl blue PRL impairs CMV infectivity by
severely reducing IE gene expression. Rapid and abundant accumu-
lation of IE proteins through active transcription from the MIEP is
crucial for driving CMV-infected cells forward in the lytic replica-
tion cycle. Conversely, repression of the MEIP leads to abortive
infection and, in certain cell types, may promote establishment
of latency. Repressive chromatinization of the MIEP is thought to
occur by default upon delivery of the viral genome to the nucleus
(Ioudinkova et al., 2006; Reeves et al., 2005a, 2005b; Sinclair,
2010); in order to enter lytic replication, the viral tegument protein
pp71 must traffic to the nucleus where it acts to de-repress IE tran-
scription by inducing degradation of Daxx (Saffert and Kalejta,
2006). Atanyl blue PRL could interfere with IE protein expression
at any point between attachment and IE transcription/translation.
That exposure of the inoculum to an inhibitory dose of atanyl blue
PRL prior to infection had no impact on viral yield suggests that
atanyl blue PRL does not block viral entry by directly interacting
with and irreversibly inactivating virions. Moreover, that atanyl
blue PRL retains significant potency when added as late as 12 hpi
further suggests that it does not interfere with viral attachment
and entry, as these steps are largely completed within 1–3 hpi. Fur-
ther studies will be needed to determine the exact stage at which
atanyl blue PRL acts. It could interfere with capsid transport to
nuclear pores, release of viral DNA, circularization of DNA, de-
repression of the MIEP, or IE transcription/translation.

Two lines of evidence suggest that non-specific effects of atanyl
blue PRL on viral DNA synthesis, RNA transcription, or protein syn-
thesis can be ruled out. First, Barnard et al. measured the effects of
atanyl blue PRL on cellular DNA, RNA, and protein synthesis and
observed IC50 > 1000 lM (Barnard et al., 1995). Second, atanyl blue
PRL added at 24 hpi did not reduce viral DNA levels or infectious
virus yield at 5 dpi (Figs. 4 and 5B). At 24 hpi, viral DNA synthesis
and transcription/translation of late proteins, which are necessary
for assembly of viral progeny, are just beginning. Inhibition of
either activity starting at 24 hpi should substantially reduce viral
yield, as evidenced by the potent inhibitory effects of ganciclovir
when added at 24, 48, and even 72 hpi (Fig. 4A).

Hsiang and Ho showed that emodin inhibits the nuclease activ-
ity of recombinant HSV-1 alkaline nuclease in vitro (Hsiang and Ho,
2008). While this infers that emodin may inhibit HSV-1 replication
by targeting UL12’s nuclease activity, this hypothesis has not been
confirmed by mapping emodin resistance to amino acid changes in
UL12. Moreover, a recent report indicates that genetic inactivation
of UL12’s nuclease activity has little effect on HSV-1 replication in
some cells in culture (Fujii et al., 2013). As for HSV-1, the CMV
alkaline nuclease UL98 is important for efficient replication in cell
culture – a UL98 null mutant is severely replication deficient
(Kuchta et al., 2012). However, the importance of UL98’s nuclease
activity has not yet been evaluated by targeted mutation of the
UL98 active site. Thus, it is possible that atanyl blue PRL inhibits
CMV replication through inhibition of UL98.

Molecular modeling studies were conducted to gain insight into
the structural features of the ligand and protein active-site that
allow inhibition of UL98 activity by atanyl blue PRL but not acid
blue 40. Both compounds were docked into the active site of a
UL98 model that was built using KSHV-SOX (PDB 3fhd) as a tem-
plate (Kuchta et al., 2012). The most favorable binding modes for
each compound (Fig. 7) were in concordance with that of the 50-
end of DNA substrate, with both ligands showing significant inter-
actions with the active site residues previously verified using
mutagenesis (Kuchta et al., 2012). The sulfonate group at 2-posi-
tion interacts with R164, T171, S252, Q464 (analogous to the inter-
actions made by 50 phosphate group). The oxygen at 9-position
coordinates to the putative active site metal (occupying a position
analogous to the P2 group). The 4-position mesitylene moiety of
atanyl blue PRL forms favorable hydrophobic interactions with
W160, H161 and M165. In contrast, the 4-position N-phenylacet-
amide moiety of acid blue 40 forms weaker hydrophobic interac-
tions owing to the polar amide substitution on its phenyl ring.
The lipophilic potential surface maps of the ligands within the pro-
tein active site clearly show the favorable hydrophobic–hydropho-
bic complementarity between atanyl blue PRL and UL98, compared
to the unfavorable polar–hydrophobic complementarity between
acid blue 40 and UL98. Another key non-covalent interaction
observed is the p–p stacking interaction between the guanidinium
ion of R164 and the 4-position aromatic substituent. For atanyl
blue PRL the stacking interaction is further stabilized by the elec-
tron-donating substituents on its phenyl ring. These additional



Fig. 7. Docked poses of atanyl blue PRL and acid blue 40 in the active site of UL98. Modeled molecular interactions of atanyl blue PRL (A) and acid blue 40 (B) (ligand – ball
and stick representation; carbon – cyan) with the active site residues of UL98 (stick representation; carbon – green). The double-stranded DNA substrate is shown as
transparent sticks (carbon – white) and the active-site Mg2+ ion shown as magenta sphere. H-bond interactions of the sulfonate with R164 and S252 of UL98 are shown as
magenta dashed-lines and coordination interactions of metal ion with carboxylates of D254 and E278 of UL98 and the 9-position oxo group of ligand are shown as solid
magenta lines. Lipophilic surface potential maps of the 4-position substitutions of atanyl blue PRL (C) and acid blue 40 (D) within the active site of UL98. The scale at the
bottom indicates the color gradient – brown (lipophilic LP/hydrophobic) to blue (hydrophilic HP/polar). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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favorable interactions observed for atanyl blue PRL may explain its
better inhibition profile compared to acid blue 40.

As for HSV-1, a mechanism mediated by nuclease inhibition
requires confirmation through mapping of atanyl blue PRL resis-
tance to mutations in UL98. If atanyl blue PRL inhibits CMV repli-
cation through inhibition of UL98, then our results would
indicate that UL98 is present and functionally important very early
after infection. Consistent with this, low levels of UL98 have been
observed in infected cells as early as 5 hpi (Adam et al., 1995), coin-
ciding with the time window that atanyl blue PRL is active. How-
ever, a role for UL98 early but not late in CMV replication would
contrast with proposed roles for the HSV-1 UL12 alkaline nuclease
late in the HSV-1 life cycle in supporting recombination-dependent
DNA replication (Reuven et al., 2003), DNA packaging, capsid for-
mation, and nuclear egress (Martinez et al., 1996; Porter and
Stow, 2004; Shao et al., 1993; Weller et al., 1990). While it is pos-
sible that UL98 and UL12 serve very different functions in replica-
tion of their respective viruses, it is also possible that atanyl blue
PRL’s inhibition of UL98 nuclease activity is coincidental and that
its true mechanism of CMV inhibition involves a different viral or
cellular target that is important early in CMV replication.
5. Conclusions

The anthraquinone atanyl blue PRL inhibits CMV replication in
cell culture. It acts very early in the CMV replication cycle to block
IE protein synthesis, but time of addition studies suggest that it
acts after viral entry. Consequently, atanyl blue PRL may be useful
as a pharmacological probe to better understand the post-entry
molecular events that culminate in robust IE transcription/transla-
tion. Atanyl blue PRL may also be useful as a lead structure for fur-
ther antiviral drug discovery/development.

Atanyl blue PRL also inhibits the nuclease activity of CMV UL98
in vitro. It remains to be established whether its anti-CMV activity
is mediated through inhibition of UL98. However, such a finding
would implicate the nuclease as an important factor in very early
events that determine the fate of infected cells. This would signal
a profound revision of our understanding of how herpesvirus alka-
line nucleases function during viral replication.
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