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Viral RNA-dependent RNA polymerase (RdRP) enzymes are essential for the replication of positive-strand
RNA viruses and established targets for the development of selective antiviral therapeutics. In this work
we have carried out a high-throughput screen of 154,267 compounds to identify poliovirus polymerase
inhibitors using a fluorescence based RNA elongation assay. Screening and subsequent validation exper-
iments using kinetic methods and RNA product analysis resulted in the identification of seven inhibitors
that affect the RNA binding, initiation, or elongation activity of the polymerase. X-ray crystallography
data show clear density for five of the compounds in the active site of the poliovirus polymerase elonga-
tion complex. The inhibitors occupy the NTP binding site by stacking on the priming nucleotide and inter-
acting with the templating base, yet competition studies show fairly weak IC50 values in the low lM
range. A comparison with nucleotide bound structures suggests that weak binding is likely due to the lack
of a triphosphate group on the inhibitors. Consequently, the inhibitors are primarily effective at blocking
polymerase initiation and do not effectively compete with NTP binding during processive elongation.
These findings are discussed in the context of the polymerase elongation complex structure and allosteric
control of the viral RdRP catalytic cycle.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Positive-strand RNA viruses encompass a wide range of serious
human and animal pathogens for which there are few antiviral
pharmaceuticals. The group includes hepatitis C virus (HCV), flavi-
viruses such as dengue, yellow fever, and West Nile, alphaviruses
such as eastern and western equine encephalitis, and the picornav-
iruses that include foot-and-mouth disease, coxsackie, and polio
viruses. While the molecular details of viral replication pathways
and associated proteins vary greatly among these viruses, they
all rely on a virally encoded RNA-dependent RNA polymerase
(RdRP) to replicate their genomes. As a group, RdRPs share a set
of core fingers, palm, and thumb structural domains whose overall
fold resembles a cupped right hand (Ferrer-Orta et al., 2006; Ng
et al., 2008). The picornaviruses have the smallest RdRPs that con-
tain these core domains within a �460 residue protein and the lar-
ger viral polymerases add other functional elements to this core.
For example, the HCV and bovine viral diarrhea virus polymerases
include C-terminal extensions and thumb insertions that provide a
platform for primer-independent de novo initiation and flaviviral
enzymes add an N-terminal domain with RNA capping activity.
ll rights reserved.

: +1 970 491 0494.
Peersen).
The RdRP is essential for viral replication and does not have a
host cell homolog, making it a target for antiviral pharmaceuticals
(Das et al., 2010; Malet et al., 2008; Sampath and Padmanabhan,
2009; Sarisky, 2004). The viral RdRPs are generally considered
low-fidelity enzymes, in large part because they lack proofreading
abilities and consequently they can be targeted with broad-spec-
trum chain terminators or mutagenic nucleoside analogs such
as ribavirin (Crotty et al., 2000, 2001; Vignuzzi et al., 2005) or
T-705 (Furuta et al., 2009; Mendenhall et al., 2011). However,
nucleoside analogs are less than ideal antiviral drugs because they
must be phosphorylated after cell entry, inherently leading to non-
specific interactions because they mimic the natural nucleotides to
some extent. As a result, non-nucleoside inhibitors targeting allo-
steric control sites on a single viral polymerase have the potential
for much higher specificity and better potency as antiviral drugs.
For example, several such inhibitors targeting the HCV RdRP are
in late stages of development, including compounds that interfere
with formation of an elongation complex by preventing RNA bind-
ing or interacting with the initiation/priming platform found
on the HCV polymerase thumb domain (Kwong et al., 2008;
Legrand-Abravanel et al., 2010).

Although the structures of more than a dozen viral RdRPs have
been solved, the rational design of inhibitors targeting viral gen-
ome synthesis itself has historically been hindered by a lack of
structural information about active polymerase–RNA elongation
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complexes. This is unfortunate because the elongation complex
undergoes thousands of catalytic cycles during the processive syn-
thesis of negative and positive sense RNA strands, providing ample
opportunities for allosteric inhibitors to access their binding sites
and interfere with replication. The recently solved structure of a
poliovirus polymerase elongation complex improves the prospects
for such drug design efforts by providing important insights into
how the viral RdRPs select nucleotide triphosphates and subse-
quently close their active sites for catalysis (Gong and Peersen,
2010). In contrast to most other polymerases that use a pre-inser-
tion site for initial NTP recognition and a swinging motion of the
fingers domain to positioning the nascent base pair into a pre-
formed active site, the viral RdRPs close their active site for catal-
ysis with a novel conformational change in the palm domain. This
new mode of active site closure is highly conserved among posi-
tive-strand RNA virus RdRPs, providing a unique structural transi-
tion that could be targeted by rational drug design approaches.

To identify viral polymerase inhibitors and assess how they
interact with an elongation complex, we carried out a high-
throughput screen using poliovirus polymerase and the fluores-
cence based polymerase elongation template element (PETE) assay
previously developed in our laboratory (Mestas et al., 2007). The
PETE assay relies on fluorescence polarization (FP) to detect elon-
gation-dependent changes in the mobility of a fluorescein label
at the very 50 end of a RNA template strand as it is drawn into
the active site of the polymerase. From the structure of the elonga-
tion complex there are direct contacts with the +2 and +3 down-
stream template bases (Gong and Peersen, 2010) that give rise to
the clear fluorescence changes observed in microplate format as-
says (Mestas et al., 2007), and by more sensitive stopped-flow fluo-
rescence we can detect differences in fluorescence when the
polymerase is five nucleotides from the end of the template (Gong
et al., 2009). Using preassembled polymerase elongation com-
plexes, the assay can detect both loss of RNA binding, resulting
in a reduced FP signal due to increased RNA mobility, and inhibi-
tion of elongation activity, detected as a failure to increase the FP
signal upon NTP addition. A screen of �155,000 compounds re-
sulted in the identification of a dozen compounds showing signif-
icant polymerase inhibition and five of these are observed to bind
the polymerase active site by X-ray crystallography of the poliovi-
rus polymerase elongation complex. The identification of these
compounds and their known binding geometry set the stage for
the rational design of antiviral compounds that have the potential
to be effective against a wide range of positive-strand RNA viruses.
2. Experimental procedures

2.1. PETE assay stability

The stability and reproducibility of the PETE assay in a 384-well
microplate format was initially examined using a Perkin-Elmer
Victor3V platereader. For these experiments, 5 ml of 1 lM poly-
merase was incubated with 20 nM fluorescently labeled 8-6 PETE
RNA (Fig. 1A) and 200 nM ATP on ice for 30 min prior to aliquoting
the solution into a 12 � 8 array of 45 lL samples in a room temper-
ature 384-well microplate. Eight different elongation experiments
were then carried out by adding remaining NTPs to a final concen-
tration of 200 nM after pre-incubation times that ranged from 0:00
to 5:15 h. A total of 12 identical reactions were initiated at each of
the eight pre-incubation times and FP data from the entire 12 � 8
array was obtained every 45 min up to a final timepoint at 8 h after
the mixture was added to the microplates. The reading of 12 rep-
licate samples for each reaction allowed us to obtain statistics
regarding the reproducibility of the experiment and were adequate
to calculate a preliminary Z0 value (i.e. Z-factor) for the assay as
Z0 ¼ 1� 3ðrp þ rnÞ=jlp � lnj, where l and r are the averages
and standard deviations of the pre-(n) and post-NTP (p) addition
FP signals.

2.2. High-throughput screening

All screening experiments were carried out at the ICCB-Long-
wood Screening Facility at Harvard Medical School (Boston, MA).
The stalled elongation complex used as a substrate in the HTS as-
say was generated by pre-incubating 600 nM 3Dpol with 12 nM 50

fluorescein labeled 8-6 PETE RNA and 240 nM ATP for 30 min at
room temperature in 50 mM HEPES, pH 7.0, 40 mM NaCl, 1.5 mM
magnesium acetate, 60 lM ZnCl2, 4 mM DTT, and 0.1% Igepal
detergent. This solution was then dispensed into 384-well micro-
plates at a volume of 25 lL/well and the small molecule com-
pounds were added by a robotic 100 nL pin drop. Small molecule
compounds were solubilized in DMSO at a standard concentration
of 5 mg/ml, resulting in a final concentration of 20 lg/ml (corre-
sponding to �57 lM based on a 350 Da typical compound mass).
After an incubation time of �60 min, the total fluorescence and
fluorescence polarization signals from the labeled RNA were mea-
sured with Perkin Elmer EnVision microplatereaders. This first
reading provides data indicating whether or not compounds inter-
fered with RNA binding to the stalled elongation complex. Poly-
merase elongation activity was then tested by adding 5 lL of a
solution containing GTP, CTP, and UTP at 1.2 lM each, resulting
in a final concentration of 200 nM for each of the four NTPs and
17 lg/ml (�47 lM) for the compounds. This allows for elongation
to the end of the RNA template and assay data were obtained with
a second reading done after an incubation period of �60 min,
which is four times longer than the �15 min needed for elongation
under non-inhibited conditions (Mestas et al., 2007).

Each microplate in the screening library also contained 24
empty control wells, of which 12 were used as negative controls,
where added NTPs would result in complete elongation (i.e. lack
of inhibition) and the remaining 12 were used as positive controls
by not adding any NTP solution (i.e. complete inhibition). In addi-
tion, the behavior of every batch of pre-assembled elongation com-
plex was tested using a 384-well control plate that contained four
distinct control sections with 96 replicate wells each (Fig. 1D). One
section contained only buffer to give FP signals from the initial
stalled elongation complex, the second section contained all four
NTPs to obtain signals reflecting complete elongation, the third
section contained chain terminating 30-deoxy-UTP to obtain a sig-
nal reflecting partial elongation by only one nucleotide, and the
fourth section contained 300 mM NaCl to prevent RNA from bind-
ing to the polymerase and forming the elongation complex.

2.3. Inhibitor selection

The HTS data were analyzed and potential 3Dpol inhibitors were
identified using a correlation plot combining standard Z-scores
with a 3Dpol elongation efficiency measurement (Fig. 2A). The Z-
scores for each compound were calculated by the normal method
of Z ¼ ðFPcompound � FPplate meanÞ � StdDevplate mean. We then calculated
an elongation efficiency value as E ¼ ðFPcompound � FPþÞ�
MðFP� � FPþÞ, which reflects how the FP signal obtained in the
presence of a compound compares to those of the unelongated po-
sitive controls (FP+) and fully elongated negative controls (FP�).
Compounds that result in a FP signal greater than the starting
material but less than the fully elongated controls will thus have
E values between 0% and 100%, while compounds that cause the
RNA to dissociate from 3Dpol will have negative E values due to
the FP value associated with free RNA being lower than the unelon-
gated FP+ value. Finally, the elongation reaction also results in an
increase in the total fluorescence intensity due to deprotonation



Fig. 1. PETE polymerase RNA binding and elongation assay used for high throughput screening. (A) Sequence of the 50 fluorescein labeled hairpin ‘‘8-6 PETE’’ RNA primer-
template used as a substrate. The 8-6 nomenclature refers to a 8 base duplex region followed by a 6 base single stranded templating region. (B and C) Stability of the PETE
assay over time as demonstrated by incubation of polymerase–RNA complexes for various times before and after the addition of NTPs that trigger elongation to the end of the
template. Pre-incubation with the first nucleotide to be incorporated (ATP, boxed in panel A) results in formation of elongation complexes that are stable (�275 mP) for up to
8 h and addition of remaining NTPs increases signal to �400 mP. (C) In the absence of the first nucleotide there is a steady decrease in the FP signal from the pre-initiation
complexes (�275–225 mP), but the signal does increase to �400 mP upon NTP addition that triggers elongation to the end of the template. (D) HTS control data showing
reproducibility of signals from preformed elongation complexes (EC) and the effects of polymerase–RNA dissociation by NaCl, partial elongation with 30-deoxy UTP, and full
elongation with all NTPs. The Z0-values between the initial stalled elongation complex (EC) and the three other states are shown in the far right column. The microplate
representation shows raw FP data color-coded according to intensity by the Wallac software.
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of the fluorescein as it approaches the positively charged polymer-
ase surface (Gong et al., 2009), providing an additional assessment
of elongation. Compounds that resulted in total fluorescence read-
ings higher than that of the fully elongated control samples were
rejected from the analysis.

2.4. Microplate based kinetic validation assays

To further validate the potential inhibitors from the HTS exper-
iments and obtain initial dose response data we used a microplate
based kinetic assay in which the rate of the NTP-dependent FP in-
crease in the presence of compounds was observed after addition
of NTPs. These experiments were done in 384-well plates on a
Victor3V plate reader where sample injectors we used to add
25 lL of 0.4 lM (200 nM final) each GTP, UTP, and CTP solution
to 25 lL of pre-assembled elongation complex (1 lM 3Dpol,
15 nM RNA, 0.5 lM ATP), with both solutions in a buffer composed
of 50 mM HEPES, pH 7.0, 40 mM NaCl, 1.5 mM magnesium acetate,
60 lM ZnCl2, 4 mM DTT, and 0.1% Igepal detergent. The high
polymerase concentration is used to drive the weak binding equi-
librium for the RNA (Kd�4 lM), maximizing the amount of bound
RNA that will provide an observable signal change upon elongation
(Gong et al., 2009). Three sequential experiments were done to test
the inhibitory effects of each compound at concentrations of 10, 20,
and 40 lg/ml (�29, 57, and 114 lM based on a 350 Da typical com-
pound molecular weight). For each experiment we collected 35
data points over �1 min prior to NTP injection to obtain a baseline
FP value and then 150 points over �4 min after NTP injection to
follow the time course of the elongation induced FP signal change
(Fig. 3). When mathematically fitting the resulting data to single
exponential curves, we omitted the initial �15 s of data due to
mixing artifacts from the microplate reader based injection system.

2.5. Elongation product analysis

Polymerase initiation and elongation activity in the presence of
small molecule compounds was examined using a gel based anal-
ysis of RNA products from two different hairpin RNAs (Fig. 4A and
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B). We first formed elongation complexes on RNA1 in the absence
of compounds, then added compounds to test if they destabilized
the preformed RNA1 complexes, then added RNA2 to see if the
presence of compounds affected initiation on this RNA, and finally
added NTPs to drive the complete elongation of both RNAs. We
have previously used these two RNAs to examine poliovirus poly-
merase initiation rates and elongation complex stability in a study
where they were designated 9+2_24 (RNA1) and 10+1_12 (RNA2)
(Hobdey et al., 2010).

Experimentally, the reactions were assembled in a stepwise
manner that involved continual dilution of the potential inhibitory
compounds as components were added to the reaction (Fig. 4A).
When both RNAs were present, they were always at equal concen-
trations, although differences in IRdye labeling efficiency and deg-
radation during the experiments affect final band intensities. The
15-fold molar excess of 3Dpol is used to drive the weak RNA bind-
ing equilibrium which has a Kd of �4 lM. The experiments were
done in a buffer composed of 75 mM NaCl, 4 mM magnesium ace-
tate, 50 mM HEPES, pH 6.5, and 2 mM TCEP (tris(2-carboxy-
ethyl)phosphine). The sequential reaction assembly protocol was
as follows: First, step 1 allowed for initiation on RNA1 in the ab-
sence of compounds via the incorporation of two nucleotides to
yield a RNA1 + 2 product by incubating 1 lM RNA1 with 15 lM
3Dpol and 40 lM GTP and ATP for 15 min at room temperature.
In step 2 the small molecule compounds were added while diluting
the solution 5-fold, resulting in concentrations of �144 lM (50 lg/
ml) compound, 0.2 lM RNA1, 3 lM polymerase and 8 lM each ATP
and GTP. This was incubated for 15 min at room temperature to al-
low compounds to bind to the preformed RNA1 elongation com-
plex or to the excess polymerase. Step 3 then allowed for
initiation on the second RNA in the presence of compound by add-
ing an equal volume of 0.2 lM RNA2, resulting in final concentra-
tion of �72 lM (25 lg/ml) compound, 0.1 lM each RNA, 1.5 lM
3Dpol, and 4 lM ATP and GTP. Initiation on RNA2 was evaluated
by the formation of its +1 product in EDTA-quenched samples ta-
ken after 0, 2, 7 and 15 min. Finally, step 4 allowed for elongation
to +20 (RNA1) or +7 (RNA2) products of both RNAs by adding ATP,
GTP, and UTP to a final concentration of 40 lM in another 2-fold
dilution step. The final compound concentration was then
�36 lM (12.5 lg/ml) and quenched samples were taken after 1,
2 and 5 min of elongation. The reaction products were separated
on a denaturing 7 M urea 20% polyacrylamide gel and quantified
using an IRdye 800RS (Li-Cor Biosciences) label attached to a
deoxy-thymidine in the tetraloop of both RNAs as previously de-
scribed (Hobdey et al., 2010).

2.6. Stopped-flow kinetics

The ability of the compounds to inhibit the processive elonga-
tion of preformed elongation complexes was tested using the PETE
assay in a stopped-flow format to obtain an elongation rate in
nucleotides per second by measuring the time needed for 3Dpol

to replicate to the end of an 18 nucleotide long single stranded
template. Experiments were carried out at as previously described
(Gong et al., 2009) with compounds being added at final concentra-
tions of 5 and 25 lM after mixing in the stopped-flow instrument.

2.7. IC50 determination

To assess the inhibitory strength of the final set of compounds
we carried out titrations to measure the effects of compound con-
centrations on elongation complex formation and subsequent
elongation to the end of the template. Compounds were mixed
with 1 lM polymerase, 15 nM RNA, and 200 nM ATP and incubated
for 60 min prior to reading FP and total fluorescence signals to
determine at what concentrations the compounds affected poly-
merase–RNA complex formation or stability. The remaining NTPs
were then added to a final concentration of 200 nM each to drive
elongation and FP signals were measured after another 30 min
incubation period. Experiments were done in buffer containing
50 mM HEPES, pH 7.0, 40 mM NaCl, 4 mM magnesium acetate,
and 2 mM TCEP. IC50 values for inhibition of the formation and/
or elongation steps were determined from the midpoints of the
resulting inhibition curves.



300

320

340

360

380

400

0 120 240 360 480

Time (sec)

Pre-NTP baseline value

NTP addition
to 200 nM 
final conc.

Post-NTP 
elongation
amplitude

with 3′-dUTP

All NTPs

300

320

340

360

380

400

60 120 180 240

Time after NTP addition (sec)

DMSO
controls

10 µg/ml

20 µg/ml

40 µg/ml

Compound 10

A

B

FP
 S

ig
na

l (
m

P)
FP

 S
ig

na
l (

m
P)

Fig. 3. HTS hit validation experiment using PETE assay in a kinetic format. (A) Data
from the kinetic assay showing time course of FP signals before and after the sample
injector based addition of 25 lL NTP solution to 25 lL of preformed [8-6
RNA + 3Dpol + ATP] elongation complex. Replacing UTP with chain terminating 30-
deoxy UTP prevents full elongation and eliminates the NTP dependent signal
increase. The rate and amplitude of the elongation phase data were determined by
curve fitting the latter part of the data (black dots) to a floating time-offset single
exponential function whose starting amplitude was fixed at the pre-NTP addition
value. (B) An example of dose dependent inhibition by compound 10 at three
different concentrations. Effects on rates and amplitudes resulting from curve
fitting of the highest inhibitor concentrations are listed in Table S1 and pre-NTP
addition baseline data are omitted for clarity.

G. Campagnola et al. / Antiviral Research 91 (2011) 241–251 245
2.8. X-ray crystallography

Stalled poliovirus 3Dpol elongation complexes were generated,
purified, and crystallized as previously described (Gong and Peer-
sen, 2010). Crystals were then harvested, buffer exchanged into
cryostabilizer solution, and finally transferred to cryo-solution
containing the small molecule compounds. Compounds were
present at 5 mM concentration made from 100 mM stocks in
DMSO, except for compound 11 that was only soluble to 34 mM
in DMSO, resulting in a final concentration of 1.7 mM in the
cryo-solution. Crystals were soaked for 15–20 h prior to being fro-
zen in liquid nitrogen and shipped to the Advanced Light source
(Berkeley, CA) for remote data collection at the Molecular Biology
Consortium beamline 4.2.2. Resulting diffraction data were pro-
cessed using d⁄Trek and structures were refined using Phenix,
as previously described (Gong and Peersen, 2010). The complete
refinement of the compound-bound structures will be reported
elsewhere.
3. Results

3.1. Stability of PETE assay

HTS experiments require that the fluorescence polarization sig-
nals associated with the stalled and elongated 3Dpol complexes re-
main stable for several hours at room temperature so as to allow
time for the dispensing of small molecule compounds and subse-
quent reading of the FP data. These steps result in a typical mini-
mum incubation time of about 1 h each. In addition, the HTS
format PETE assay includes a second reaction whereby NTPs are
added after the initial data reading to test for polymerase elonga-
tion activity in the presence of the compounds. To verify that the
signals associated with the complexes were sufficiently stable over
such timeframes, we assembled stalled elongation complexes and
monitored their FP signals as a function of incubation time at room
temperature both before and after elongation by the addition of
NTPs. The initial complex generated by mixing 3Dpol with ‘‘8-6’’
RNA (Fig. 1A) and ATP, the first nucleotide to be incorporated, re-
sulted in a FP reading of �270 mP that remains stable for more
than 5 h (Fig. 1B). Addition of the remaining NTPs to enable elon-
gation to the end of the template, which immobilizes the 50 fluores-
cein label, resulted in a significant and stable increase to �400 mP.
The Z0 factor (Zhang et al., 1999) for the NTP-dependent elongation
event was 0.87 ± 0.02 as calculated using the mean ± sd FP values
from 12 replicates of the time points 45 min before and 45 min
after each NTP addition, indicating that the assay is highly robust
over the needed timeframe. The microplate based data also show
that full elongation of the RNA leads to an increase in both the total
fluorescence and FP signals, which is due to deprotonation and
immobilization of the fluorescein reporter group as the 50 end of
the template is pulled into the polymerase active site (Gong
et al., 2009).

The assay can also be configured to identify compounds that
interfere with pre-initiation 3Dpol–RNA complex formation in the
absence of ATP. Such complexes displayed an initial FP signal of
270 ± 3 mP as compared to �170 mP for free RNA, but they were
unstable and the signal exhibited a gradual decrease to
220 ± 5 mP over a 5 h pre-reaction incubation time (Fig. 1C). The
slow reduction in the signal from the RNA-polymerase complex
means that the Z0 for the RNA binding reaction is constantly
decreasing; it starts at a value of 0.78 and decreases to 0.66 after
3 h of incubation and then to 0.27 after 5 h of incubation. This sig-
nal drop significantly hampers the interpretability of the data, and,
consequently, the RNA binding assay format was not used for HTS.
3.2. High-throughput screening

A total of 154,267 compounds from the available ICCB-Long-
wood Screening Facility libraries were tested using the PETE assay
with two data readings done per plate to monitor both dissociation
of RNA from preformed elongation complexes and the extent of
elongation upon addition of NTPs. The Z0 value of the assay was cal-
culated based on the 24 control wells on each microplate, resulting
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in an overall average Z0-score of 0.91 ± 0.02 from all library plates
used in the screen. In addition, every batch of pre-assembled 3Dpol

elongation complex was assayed using the specially designed 4-
section control plate that also controls for RNA dissociation and
partial elongation, which had Z0-scores of 0.26 and 0.58, respec-
tively (Fig. 1D). Dissociation of the RNA from the polymerase re-
sults in a reduction in the FP signal that is consistent with more
rapid tumbling of the RNA in solution. It should be noted that while
the Z0 factors obtained at the screening facility are consistent with
those observed on our home plate reader, the absolute fluores-
cence and FP values differ significantly between plate readers
and background correction methods used. Igepal detergent was
used in the assay to minimize sample sticking to the microplate
wells and to eliminate surface tension effects that cause scatter
in the fluorescence data. Note that this may have affected our abil-
ity to detect inhibition by particularly hydrophobic compounds
that could be trapped in detergent micelles.

The correlation observed between total fluorescence and FP val-
ues is demonstrated by results from a library screen containing
natural extract samples. This chemically diverse library resulted
in an unusually wide range of partial elongation effects and total
fluorescence values as compared to the results from more standard
small molecule libraries (Fig. 2A). These data also show the tight
clustering of the positive and negative control sample signals and
the detection of abnormally high total fluorescence signals encoun-
tered with fluorogenic compounds. We calculated Z-scores and
elongation efficiency (E) values for all the compounds based on
comparisons with controls on the same microplate. The first step
in the selection process for potential polymerase inhibitors was
to generate scatter plots comparing the FP and total fluorescence
signals arising from all the compounds in a single screening run
and then reject any compounds whose total fluorescence signal
was higher than that observed for the fully elongated controls
(Fig. 2A). The Z-scores and E-values of all the remaining inhibitory
compounds from the full �155,000 compounds screen were then
combined on a single scatter plot, yielding 1025 compounds that
showed detectable levels of 3Dpol inhibition (Fig. 2B). Of these,
492 were classified as medium to strong inhibitors based on Z-
score absolute values (2–5 for medium, >5 for strong) and elonga-
tion efficiency E-values (<75% for medium, <50% for strong, <0%
indicates RNA dissociation). This set of 492 compounds reflects a
reasonable HTS hit rate of 0.32% to select compounds for further
study using more involved kinetic assays.

3.3. Validation assays

3.3.1. Microplate based kinetic validation assays
The effects of these 492 compounds on 3Dpol elongation activity

were then tested in a kinetic realtime elongation assay at three dif-
ferent compound concentrations of 10, 20, and 40 lg/ml (�29, 57,
and 114 lM based on an average 350 Da compound weight).
Microplate reader sample injectors were used to add 25 lL of
NTP solution to 25 lL of pre-assembled elongation complex with
compounds and the resulting elongation-dependent increase in
the FP signal was observed over a 4 min time window (Fig. 3).
The compounds generally fell into one of three different categories:
(a) those that reduced the starting FP signal and/or the amplitude
of the FP change, but not the rate of the FP signal change, (b) those
that reduced the rate of the FP signal change, and (c) those with no
discernible effects, i.e. the initial HTS results could not be repli-
cated. As the starting FP value is indicative of how much RNA is
bound to 3Dpol (Mestas et al., 2007) and the amplitude of the FP
change is indicative of how much of the RNA is being elongated
(Gong et al., 2009; Hobdey et al., 2010), the category a data is
indicative of compounds that interfere with RNA binding and/or
elongation competence and the category b data is indicative of
compounds that simply slow the 3Dpol elongation rate. To verify
that extended incubation times in the microplate reader did not
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affect the integrity of the assay we carried out DMSO control reac-
tions both immediately before and immediately after testing each
set of three different compound concentrations. Replacing UTP in
the elongation step with a chain terminating 30-deoxy-UTP elimi-
nated the NTP dependent increase in the FP signal (Fig. 3A), further
showing that the signal change was due to elongation at the end of
the template strand. Using this kinetic assay, we narrowed the list
of polymerase inhibitors from HTS down to the 56 compounds that
are listed in Supplementary Appendix A.

3.3.2. Elongation product analysis
To further examine which aspects of 3Dpol activity were being

affected by the remaining 56 compounds we used two different
RNA molecules to test for inhibition of initiation, inhibition of elon-
gation, or destabilization of the elongation complex, all in the same
reaction mixture and at inhibitor concentrations ranging from 50
to 12.5 lg/ml (�140–36 lM) (Fig. 4A and B). This analysis revealed
that the predominant mode of inhibition was at the level of initia-
tion and destabilization of preformed elongation complexes. As
shown by the gels in Fig. 4C, most of the effective compounds abol-
ished initiation on the second RNA (RNA2) template but had little
or no effect on the elongation of complexes that were preformed
with RNA1 in the absence of the compound. We did not observe
any intermediate length products nor significant slowing of the
elongation step to form +20 or +7 products for any of the com-
pounds, indicating that processive elongation by active elongation
complexes is not efficiently inhibited by 12.5 lg/ml (�36 lM)
compound concentrations. However, we did observe that several
compounds appeared to destabilize the preformed elongation
complex, resulting in some of the preformed +2 product of RNA1
being left behind in the elongation step. The compounds that re-
sulted in this effect also significantly slowed initiation on the sec-
ond RNA, leading us to speculate that the compounds may be
interfering with nucleic acid binding.

Based on these results, compound availability and pricing, and
the desire to compare similar compounds with minor structural
changes, seven compounds were selected for further examination
of their mode of action with more detailed kinetic and X-ray crys-
tallography studies.

3.3.3. Stopped-flow kinetics
We used the PETE RNA elongation assay in a stopped-flow rapid

kinetics format (Gong et al., 2009) to examine if the compounds af-
fected the Vmax and Kapp

m for NTP driven elongation of preformed
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Fig. 5. IC50 determination for RNA binding and elongation inhibition. Total fluorescence
presence of various compound concentrations were examined before (s) and after (d) th
Fig. 3A. IC50 values were determined from the midpoints of the resulting elongation inh
3Dpol elongation complexes. However, no significant inhibition of
processive elongation rates were observed in the presence of the
5–50 lM NTP concentrations needed for efficient elongation. This
included testing compound concentrations as high as 25 lM with
NTP concentrations as low as 5 lM (data not shown). These data
indicate that the compounds cannot efficiently compete with bio-
logically relevant micromolar NTP concentrations, as compared to
the 200 nM nucleotide concentration used during HTS.

3.3.4. IC50 determinations
We tested the concentration dependence of these seven com-

pounds for inhibition of both initiation and elongation using the
microplate format PETE assay to determine an IC50 midpoint of
the inhibition curves. The data show that some of the compounds
caused dissociation of the 3Dpol–RNA complex prior to NTP addi-
tion, while others prevented elongation without significant effects
on RNA binding (Fig. 5). However, all the compounds tested were
fairly weak inhibitors with IC50 values of �50 lM at best (Table 1).

3.4. X-ray crystallography

To examine how the compounds interacted with the polymer-
ase–RNA complex, crystals of the elongation complex were soaked
in 5 mM compound for 15–20 h prior to being frozen in liquid
nitrogen and shipped to the Advanced Light Source for synchrotron
data collection. Data were collected and processed and the struc-
tures were solved and refined as previously described (Gong and
Peersen, 2010). Clear positive difference density reflecting the
added small molecule was observed for five of the compounds
tested (Fig. 6A, Table 1) and these compounds were all found to
bind in the incoming NTP binding site. Stacking interactions be-
tween the priming nucleotide and the planar rings on the com-
pounds appear to be the major energetic determinant of binding.
While we could clearly model some of the compounds based on
the strong initial difference electron density maps, the density
was generally rather weak and suggestive of low affinity binding.
For comparison, we also soaked cytosine and cytidine into the crys-
tals in order to compare their densities to that of the complete
cytidine triphosphate that is the natural substrate given the tem-
plating guanosine in this crystal form. The resulting electron den-
sity maps showed that significantly weaker density is observed
with just the nucleobase or nucleoside forms of cytosine as com-
pared to the complete CTP (Fig. 6B), indicating that the triphos-
phate moiety plays a major role in NTP binding to the poliovirus
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signal arising from preformed elongation complexes [3Dpol + 8-6 RNA + ATP] in the
e addition of 200 nM NTPs to trigger full elongation, as shown by the kinetic data in
ibition curves.



Table 1
Structures and inhibitor data for the seven compounds selected for structural and IC50 studies. See Supplementary Content for a ranked list of the best 56 inhibitors.

Compound number Structure HTS Z-scorea HTS E-scoreb Validation typec IC50 (lM)

6 �13 56 AR 458 ± 21

7 �8 58 KAR + X 147 ± 14

10 �12 47 AR + X 82 ± 11

11 �8 43 A + X NDd

15 �3 66 KAR + X 91 ± 7

25 �8 22 AR 55 ± 3

34 �11 24 AR + X 56 ± 2

a Z-score based on fluorescence polarization ¼ ðFPcompound � FPplate meanÞ � StdDevplate mean.
b Elongation efficiency as compared to ±NTP controls: E ¼ ðFPcompound � FPþÞ � ðFP� � FPþÞ.
c Inhibitory effects observed in validation experiments: K = knocks RNA off a preformed elongation complex (Fig. 4) A = reduced elongation amplitude (Fig. 3) R = reduced

elongation rate (Fig. 3) X = electron density observed in elongation complex active site (Fig. 6).
d IC50 for compound 11 could not be determined due to fluorescence at high concentrations.
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polymerase elongation complex. The density observed for the five
inhibitory compounds was comparable to the weak density ob-
served for cytosine and cytidine. The complete refinement of the
compound-bound structures will be reported elsewhere.
4. Discussion

The polymerase elongation template element (PETE) assay uti-
lizes an elongation dependent change in the FP signal of a fluores-
cein molecule located at the very 50 end of a RNA template to
detect polymerase activity in either microplate or stopped-flow
kinetics formats (Gong et al., 2009; Mestas et al., 2007). Here we
have used this assay in a high-throughput screen to look for inhib-
itors of the poliovirus RNA-dependent RNA polymerase. After
screening �155,000 compounds and performing follow-up studies,
we identified a pool of seven inhibitory compounds and five of
these were found to bind the active site of the polymerase elonga-
tion complex by X-ray crystallographic analysis. However, the IC50

values of the compounds are quite high and they do not efficiently
compete with NTPs for binding. The structural analysis indicates
that this is likely due to a lack of triphosphate-like charge interac-
tions with the inhibitors in their current form.

The PETE assay performed well in a HTS format, yielding Z0

scores of 0.91 ± 0.02 and a hit rate of �0.32% for the identification
of inhibitors based on end-point analysis of an elongation reaction
in the presence of 200 nM NTPs. This allowed us to select 492 po-
tential inhibitors for follow-up studies using the assay in a micro-
plate based kinetic format where we monitored both the amount
and rate of RNA elongation by fluorescence polarization. The anal-
ysis further reduced the pool to 56 compounds that retained signif-
icant levels of inhibition and warranted further investigation via
direct analysis of RNA elongation products in a gel based assay
and effects on elongation rates in a stopped-flow format assay.
The gel based assay showed that several compounds inhibited
the initiation of RNA elongation, some of them destabilized pre-
formed elongation complexes, but none of them showed signifi-
cant ability to slow the polymerase elongation rate in the
presence of micromolar NTP concentrations.

The compound titration data from the IC50 determinations also
showed that some compounds inhibit activity by destabilizing the
elongation complex, providing a mode of inhibition via promoting
the dissociation of the RNA from the polymerase. For example, the



Fig. 6. Electron density for inhibitors bound in active site of polymerase elongation complex. (A) Fo-Fc (green/red) and 2Fo-Fc (cyan) maps showing clear positive difference
density (green) for three compounds in the incoming NTP binding site where they stack on the priming nucleotide and appear to interact with the hydrogen bonding face of
the templating base. (B) Results from analogous soaking experiments with the cognate nucleotide showing density for only the cytosine nucleobase, the cytidine nucleoside,
and the complete cytidine triphosphate. The inhibitory compounds show density levels that are comparable to those of cytosine and cytidine, but significantly weaker than
the difference density observed for the triphosphorylated nucleoside. (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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compound 7 titration shows a decrease of RNA binding in the ab-
sence of NTPs with a midpoint concentration of �300 lM, and then
a �5-fold lower IC50 for the elongation phase when NTPs are added
to the reaction (Fig. 5). These compounds may act by interfering
with RNA binding to the template entry channel in a manner sim-
ilar to that of recently identified flaviviral polymerase inhibitors
(Niyomrattanakit et al., 2010). In contrast, compound 25 is only
effective as an inhibitor during elongation and does not affect
RNA binding. The molecular mechanism by which such compounds
destabilize the elongation complex are not clear, in large part be-
cause the interactions that hold the processive complex together
are also not fully understood. Biochemical data have shown that
incorporation of the first nucleotide is preceded by a conforma-
tional change that takes on the order of a minute and that the addi-
tion of this nucleotide increases the lifetime of the polymerase–
RNA elongation complex from minutes to hours (Arnold and Cam-
eron, 2000). However, no major structural changes are observed in
the polymerase upon formation of the elongation complex (Gong
and Peersen, 2010), suggesting this conformational change step
may simply involve the template-primer junction arriving at the
proper binding geometry for catalysis in the active site.

Crystallographic analysis showed clear difference electron den-
sity for five compounds that bind directly into the polymerase active
site as competitive inhibitors of NTP binding (Fig. 4, Table 1). The
inhibitors interact with the elongation complex via stacking and
hydrogen bonding interactions that mimic those observed for an
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incoming nucleotide. This includes compound 11 for which we
could not determine an IC50 value due to fluorogenic properties
and low solubility, as have been noted in a previous study where it
was identified as a botulinum neurotoxin endopeptidase inhibitor
(Cai et al., 2010). The density observed for the five compounds is
comparable to that seen with cytosine and cytidine, but much lower
than that seen for cytidine triphosphate. Although crystal soaking is
not an ideal binding experiment, these data nonetheless suggest that
the compounds are interacting rather weakly with the 3Dpol active
site. When the compounds are present at high concentrations, such
as the �50 lM used during HTS, they can effectively compete with
200 nM NTP concentrations and thus be identified as inhibitors. How-
ever, when tested at lower compound concentrations and in the pres-
ence of higher�20 lM NTP concentrations that reflect the nucleotide
Km for 3Dpol elongation (Arnold and Cameron, 2004; Gong et al.,
2009), the compounds no longer function as effective competitive
inhibitors. Thus, although the assay was originally designed to look
for elongation phase inhibitors, it has predominantly identified weak
inhibitors that are instead only effective at the polymerase initiation
phase where the nucleotide incorporation rate is 4–5-fold slower
than during processive elongation (Arnold and Cameron, 2004).

The crystal structures show that the compounds are held in the
polymerase active site by stacking interactions with the priming
base that will always be present and by sequence specific hydrogen
bonding interactions with the templating base. The latter interac-
tion underscores that it may be worth designing future screening
assays in a multiplexed format that samples multiple templating
nucleotides because they will provide different sets of interactions
in the active site. However, even such an assay is unlikely to over-
come the aforementioned problem of weak interactions and iden-
tifying compounds that cannot compete with the binding of
charged NTPs to an active elongation complex. Alternatively, the
PETE elongation assay could be made more stringent by using
higher NTP concentrations, i.e. in the low micromolar range consis-
tent with biological in vivo concentrations (Traut, 1994), but then it
is unlikely we would have identified any strong inhibitors in this
150,000 compound screen. Alternatively, a more efficient screen-
ing workflow could increase sensitivity by detecting signals shortly
(i.e. minutes) after NTP addition, as opposed to the equipment-dic-
tated �1 h minimum wait time between compound delivery and
data collection in our assay. Last, the PETE assay can also be config-
ured to look for initiation phase inhibitors, but this is at the ex-
pense of Z0-scores (Fig. 1B) and based on our experience there
will also be problems with RNA degradation (data not shown) be-
cause the nucleic acid substrate is no longer protected from trace
RNAses by pre-binding to the polymerase.

It is important to note that while none of the compounds identi-
fied appear to be particularly strong elongation phase inhibitors
based on in vitro biochemical assays, they are nonetheless potential
lead compounds whose potency and interactions in the active site
may be optimized through medicinal chemistry efforts. As such,
the compounds and structure do outline sets of interactions that
are important and sufficient for polymerase active site binding.
The greater issue regarding drug discovery by activity-based screen-
ing for RdRP inhibitors, however, may be the limited structural tran-
sitions involved in active site closure and subsequent catalysis in
these enzymes. The positive-strand RNA virus RdRPs close their ac-
tive site for catalysis with a subtle conformational change of Motif A
in the palm domain, rather than the large swinging motion of the fin-
gers domain typically observed in other classes of single subunit
polymerases (Gong and Peersen, 2010). This will make it difficult
to identify binding sites for allosteric inhibitors that can function
while bound far away from the active site, which probably explains
the preponderance of initiation inhibitors identified in our screen of
over 150,000 compounds. In fact, RdRP active site inhibitor develop-
ment may best be done using rational design methods bootstrapped
with homology modeling based on the poliovirus 3Dpol elongation
complex structure (and others as they become available) or using
fragment screening approaches where weak binding sites for com-
pound substructure fragments are first identified crystallographi-
cally and then assembled synthetically into larger and more
potent inhibitors (Murray and Blundell, 2010).

The lack of efficient elongation phase inhibitors from the screen is
also consistent with the development of HCV polymerase antivirals
over the past decade that has focused on either nucleotide analogs or
on compounds that prevent initiation (Dhanak et al., 2002; Gu et al.,
2003; Reich et al., 2010; Tomei et al., 2003; Wang et al., 2003). Sim-
ilarly, two recently identified inhibitors target the template RNA
binding channel on the fingers domain of denguevirus (Niyomrat-
tanakit et al., 2010) and bovine viral diarrhea virus (Castro et al.,
2011) polymerases, and mutational studies suggest there are inhib-
itor binding pockets on the dengue polymerase thumb domain that
can interfere with initiation of genomic RNA synthesis (Zou et al.,
2011). Unlike the small picornaviral polymerases that carry out pri-
mer-dependent initiation, these larger RdRPs are capable of de novo
initiation and undergo large conformational changes in their thumb
domain during the transition to an elongation complex. Non-nucle-
oside inhibitors can interfere with this transition, but because the
drug binding sites are not directly involved in the catalytic site they
are unfortunately prone to the rapid emergence of resistance muta-
tions (Legrand-Abravanel et al., 2010).

5. Conclusion

Our high-throughput screen for poliovirus RNA-dependent RNA
polymerase inhibitors has identified several compounds that show
moderate inhibitory potential and crystallographic analysis shows
that they all bind in the enzyme active site. The compounds occupy
the nucleotide triphosphate binding site and are held there by stack-
ing interactions with upstream product RNA and interactions with
the base-pairing face of the templating nucleotide. The compounds
are most effective at preventing initiation by the polymerase, likely
because the lack of a triphosphate group means that they cannot
efficiently compete with micromolar concentrations of the natural
nucleotides present during the polymerase elongation phase. These
compounds and our structural data set the stage for further optimi-
zation of interactions with the active site to increase the potency by
which the compounds can interfere with RdRP initiation or the sta-
bility of the polymerase elongation complex.
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