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ABSTRACT Zika virus (ZIKV) is an emerging human pathogen that is spreading rap-
idly through the Americas and has been linked to the development of microcephaly
and to a dramatically increased number of Guillain-Barré syndrome cases. Currently,
no vaccine or therapeutic options for the prevention or treatment of ZIKV infections
exist. In the study described in this report, we expressed, purified, and characterized
full-length nonstructural protein 5 (NS5) and the NS5 polymerase domain (NS5pol)
of ZIKV RNA-dependent RNA polymerase. Using purified NS5, we developed an in
vitro nonradioactive primer extension assay employing a fluorescently labeled primer-
template pair. Both purified NS5 and NS5pol can carry out in vitro RNA-dependent
RNA synthesis in this assay. Our results show that Mn2� is required for enzymatic
activity, while Mg2� is not. We found that ZIKV NS5 can utilize single-stranded DNA
but not double-stranded DNA as a template or a primer to synthesize RNA. The as-
say was used to compare the efficiency of incorporation of analog 5=-triphosphates
by the ZIKV polymerase and to calculate their discrimination versus that of natural
ribonucleotide triphosphates (rNTPs). The 50% inhibitory concentrations for analog
rNTPs were determined in an alternative nonradioactive coupled-enzyme assay. We
determined that, in general, 2=-C-methyl- and 2=-C-ethynyl-substituted analog 5=-
triphosphates were efficiently incorporated by the ZIKV polymerase and were also
efficient chain terminators. Derivatives of these molecules may serve as potential an-
tiviral compounds to be developed to combat ZIKV infection. This report provides
the first characterization of ZIKV polymerase and demonstrates the utility of in vitro
polymerase assays in the identification of potential ZIKV inhibitors.

KEYWORDS RdRp, ZIKV, Zika virus, nonradioactive assay, polymerase assay,
polymerase inhibitor

Zika virus (ZIKV) is an emerging arthropod-borne human pathogen in the family
Flaviviridae (genus Flavivirus) first isolated in 1947 from a febrile sentinel rhesus

monkey in the Zika Forest of Uganda (1). Though mainly transmitted by the Aedes
aegypti mosquito, current reports strongly suggest that the virus is being transmitted
perinatally, sexually, and via blood transfusion (2–4). ZIKV infections are usually short
lasting and self-limiting, with 80% of infected individuals being clinically asymptomatic.
Symptoms for patients that become ill are usually mild and non-life threatening.
Symptoms include fever, maculopapular rash, joint pain and/or conjunctivitis, muscle
pain, headache, and retro-orbital pain. Recently, higher than normal incidences of
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Guillain-Barré syndrome (GBS), the most frequent cause of non-poliovirus-associated
acute flaccid paralysis, and of primary microcephaly cases have been linked to ZIKV
outbreaks in French Polynesia and Brazil (5). GBS is a serious disease believed to be
initiated by an immune-mediated response to antigenic exposure from certain viruses
or bacterial infections. Roughly 20% of the affected patients are left with severe
disability, and approximately 5% of the patients die (6). Also of great concern is the
apparent correlation of ZIKV infections with a 20-fold increase in the incidence of
microcephaly cases reported in Brazil in 2015 (5). The explosive spread of the virus
through the Americas and the increasing evidence of teratogenic and neuropathic
effects associated with ZIKV infections have caused great concern and prompted the
WHO Public Health Emergency Committee to declare ZIKV a global public health
emergency (7). Zika is the first mosquito-borne illness to receive an emergency health
status, and the WHO is predicting that the spread of the virus will reach global
pandemic proportions in 2016 and 2017 with over 4 million infections worldwide.
Currently, there are no vaccines or therapeutic options for the prevention or treatment
of ZIKV infections. The lessons learned from efforts to develop a vaccine against dengue
fever virus (DFV) indicate that development of a prophylactic vaccine to protect against
ZIKV may be very challenging and could require more time and effort than the
development of antiviral agents.

The mechanism of infection with ZIKV has not been well studied, but the replication
cycle of the virus may be similar to that of other Flavivirus members, such as DFV.
Presumably, ZIKV genome replication occurs within intracellular compartments in the
endoplasmic reticulum and is catalyzed by a membrane-bound viral replication com-
plex consisting of viral nonstructural proteins, viral RNA, and host proteins, the identity
of which are unknown. The genome of ZIKV is a single-stranded plus-strand RNA
molecule approximately 10.7 kb in length. It serves as a carrier of genomic information
and as mRNA for protein translation. Genomic RNA contains two noncoding flanking
regions (NCR) known as the 5=-NCR and the 3=-NCR. The ZIKV RNA genome contains a
single open reading frame (ORF) encoding a long polypeptide (�3,400 amino acids),
which is cleaved into three structural proteins (C, prM, and E) and seven nonstructural
(NS) proteins (NS1, NS2a, NS2b, NS3, NS4a, NS4b, and NS5) (8). It is assumed that, like
other members of the Flaviviridae family, the ZIKV replication complex first transcribes
genomic plus-strand RNA into a complementary minus-strand RNA intermediate, re-
sulting in the formation of a duplex RNA. The minus strand of this duplex serves as a
template for multiple rounds of plus-strand RNA synthesis. Viral RNA synthesis occurs
through an asymmetric replication cycle in which 10 times more plus-strand RNA than
minus-strand RNA is synthesized (9). A key target for the development of a therapeutic
antiviral agent is the ZIKV genome-encoded RNA-dependent RNA polymerase (RdRp).
By homology with other Flavivirus members, the catalytic region of the enzyme is
located within the C-terminal portion of the NS5 protein. Additionally, the NS5 protein
also contains methyltransferase activity in the N-terminal portion of the NS5 protein,
which is involved in the capping of plus-strand genomic RNA (10–12). The overall
architecture of the ZIKV RdRp most likely resembles the canonical right-hand confor-
mation, consisting of fingers, palm, and thumb subdomains, that has been typical for
all known polymerase structures and is similar to that reported for the RdRps of other
members of the Flaviviridae family, including hepatitis C virus (HCV) and DFV.

Significant nucleoside-based drug discovery and development have been under-
taken and are ongoing to combat viral infections caused by Flaviviridae members, such
as HCV and dengue virus (13–19). Sofosbuvir, an FDA-approved ribonucleotide analog
targeting HCV NS5b polymerase, has been shown to be a very effective and safe drug
for the treatment of HCV infection, and these findings provided a proof of concept for
the use of ribonucleotide analogs as effective antiviral drugs against Flaviviridae (20,
21). Effective ribonucleoside analogs resemble natural ribonucleosides that can be
converted into the corresponding active ribonucleotide 5=-triphosphates, which are
then incorporated into nascent viral RNA by viral RdRps. To inhibit viral replication, two
properties are desirable for ribonucleoside 5=-triphosphate analogs: (i) efficient incor-
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poration by the viral polymerase and (ii) chain termination. These two criteria are the
first to be evaluated for any ribonucleotide analog.

In this report, we demonstrate the expression and purification of both the full-
length NS5 (NS5) and the NS5 polymerase domain (NS5pol) of the ZIKV RNA-dependent
RNA polymerase. Using the purified NS5 enzyme, we developed an in vitro nonradio-
active primer extension assay using a fluorescently labeled primer-template (P/T) pair.
The incorporation efficiency and chain termination ability of a series of ribonucleotide
5=-triphosphates of known flavivirus polymerase inhibitors were determined using this
assay. Several analog ribonucleotide 5=-triphosphates that were incorporated by the
polymerase and caused chain termination were further evaluated in a nonradioactive
coupled-enzyme inhibition assay to determine 50% inhibitory concentrations (IC50

values).

RESULTS
RdRp expression and purification. Two versions of ZIKV RNA-dependent RNA

polymerase were prepared and tested in this study: full-length NS5 and a truncated NS5
containing the polymerase domain only. The expression vector diagrams are shown in
Fig. 1A. A predicted inactive polymerase mutant control (NS5mut) containing an
active-site mutation (GDD ¡ GAA) was also prepared. All recombinant proteins con-
tained a 6�His tag at the N terminus to facilitate protein purification. All three variants
of ZIKV polymerase were expressed in and purified from Escherichia coli and were found
to be partially soluble (Fig. 1B). Interestingly, under the same conditions, both full-
length dengue virus NS5 and the RdRp domain of dengue virus NS5 were expressed in
E. coli as fully soluble proteins (data not shown). Different strategies were tried to
increase ZIKV protein solubility, including the use of different expression E. coli strains
(E. coli strain SHuffle T7 Express lysY and Stellar cells), performance of induction at
different temperatures (24°C and 16°C), the use of different E. coli cell densities at the
time of induction (optical density at 650 nm, 0.1 and 1), and the use of various
concentrations of IPTG (isopropyl-�-D-thiogalactopyranoside) for induction (0.01 to 0.1
mM). None of these variations led to a significant increase in ZIKV NS5 protein solubility
after expression in E. coli. The highest solubility was achieved by performing induction
of ZIKV NS5, NS5pol, and NS5mut expression at 20°C for 2 h. Higher temperatures
and/or longer induction/expression times resulted in the majority of the expressed

FIG 1 Construction, expression, and purification of ZIKV NS5, NS5pol, and NS5mut. (A) Schematic
diagram of the NS5, NS5pol, and NS5mut expression vectors. NS5mut contains an active-site mutation
(GDD ¡ GAA) in amino acids 663 to 665. MTase, methyltransferase domain. (B) SDS-PAGE analysis of
protein expression and purification. Lanes T, total cell lysate; lanes S, soluble fraction; lanes E, eluate from
the HisPur Ni-NTA agarose resin; lane M, protein standard marker. The sizes of protein markers (in
kilodaltons) are indicated on the right.
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protein being found in the insoluble fraction. After purification, the identity of the
purified proteins was determined by mass spectrometry analysis, and the proteins were
confirmed to be ZIKV NS5 (data not shown). A few common minor E. coli protein
contaminants (�10% of total protein) were also detected in the purified samples by
mass spectrometry analysis; those contaminating proteins did not have measurable
polymerase activity, as evidenced by the findings for the NS5mut control purified in
parallel under the same conditions (see below).

Purified enzyme polymerase reaction conditions. ZIKV NS5 and NS5pol polymer-
ase activity was measured in a primer extension assay using a fluorescently labeled RNA
primer (20-mer) annealed to an unlabeled RNA template in the presence of 100 �M
natural ribonucleotide triphosphates (rNTPs). The product of the primer extension, a
full-length 28-mer RNA, was analyzed by denaturing polyacrylamide gel electrophoresis
(urea-PAGE) (Fig. 2A). The primer was fully extended by both enzyme forms in the
presence of 1 to 10 mM MnCl2 but not in the presence of 1 to 10 mM MgCl2 (Fig. 2B).
Furthermore, the polymerization reaction was inhibited with increasing concentrations
of MgCl2 when MgCl2 was added to the standard concentration of MnCl2.

The effect of the reaction buffer ionic strength on the polymerase activity was tested
by adding increasing concentrations (0 to 100 mM) of NaCl or imidazole to the reaction
mixture. We found that both NaCl and imidazole were tolerable at low concentrations

FIG 2 Analysis of reaction conditions for purified enzymes. Polymerase activity was evaluated in a primer
extension assay. (A) P/T duplex composition used in the assay. The 20-mer primer (top) contains a
fluorescent label (Cy5.5) at the 5= end. Arrow, location and direction of primer extension to form a 28-mer
product. (B) Analysis of the effect of MnCl2 and MgCl2 on polymerase activity. ZIKV NS5 or NS5pol (15 nM)
was incubated with 10 nM P/T complex in a reaction buffer in the presence of the indicated concen-
trations of MgCl2 or MnCl2, or both. The reactions were initiated by addition of 100 �M NTPs, and the
products were separated by denaturing PAGE. Lanes P, primer only. (C) Effect of different NaCl, imidazole,
and DTT concentrations on NS5 polymerase activity. The concentrations of the components in the
reaction mixtures are indicated under each lane. In the reaction mixtures measuring the effect of NaCl
or imidazole, the DTT concentration was 10 mM. No NaCl or imidazole was added to the reaction
mixtures for measuring the effect of DTT. (D) Analysis of the effect of the NS5 or NS5pol concentration
on polymerase activity. Serial dilutions of NS5 or NS5pol (1.8 to 29 nM; indicated under each lane) and
a constant concentration of P/T (10 nM) were used in this assay. The number 20 on the right of the gels
in panels B and D indicates the location of the 20-mer unextended primer, and the number 28 indicates
the location of the 28-mer full-length product. (E) The percentages of the full-length products in the
reactions in panel D were plotted against the enzyme concentrations. The results were fitted to sigmoidal
dose-response curves using the GraphPad Prism program.
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but inhibited NS5 polymerase activity at concentrations higher than 25 mM (Fig. 2C).
The high concentration of NaCl or imidazole may negatively affect the binding of NS5
to RNA through electrostatic interactions, thereby inhibiting overall activity. We also
found that ZIKV NS5 requires a relatively high concentration of dithiothreitol (DTT; 10
mM) to achieve maximal polymerase activity (Fig. 2C), suggesting that the cysteine
residues in ZIKV NS5 may readily form intra- or intermolecular disulfide bonds, resulting
in decreased polymerase activity.

To confirm that the polymerase activity tested in the primer extension reaction is an
inherent property of purified NS5, a mutant NS5 (NS5mut, which contains an active-site
mutation, GDD ¡ GAA, in amino acid positions 663 to 665 of NS5) was also expressed
and purified in parallel with wild-type NS5 (Fig. 1). This mutation caused the complete
loss of NS5 polymerase activity (Fig. 3A, lanes 3 and 6), confirming that the primer
extension activity in the reaction with nonmutated enzyme could be attributed to
purified active ZIKV NS5. To further compare the enzymatic activity of ZIKV NS5 and
NS5pol, an enzyme dilution experiment was carried out. In this experiment, different
concentrations of NS5 or NS5pol (1.8 nM to 29 nM) were incubated with 10 nM P/T
complex, and the reactions were initiated by adding rNTPs to a final concentration of
100 �M and continued for 1 h at 35°C (Fig. 2D). The percentage of full-length product
in the total reaction mixture was plotted against the log of the enzyme concentrations
(Fig. 2E). The resulting curves were fitted to a hyperbolic S shape. The curves were
slightly different for NS5 and NS5pol, suggesting that the polymerase activity of the

FIG 3 ZIKV RdRp template specificity. (A) Effect of using different P/T duplexes on efficiency of primer
extension. NS5 (30 nM), NS5pol (30 nM), or NS5mut (60 nM) was incubated with 10 nM P/T complex in
the polymerase reaction buffer; the reactions were initiated by addition of 100 �M (each) rNTP. The
products were analyzed by denaturing PAGE. The primers (RNA-P and DNA-P) and templates (RNA-T and
DNA-T) in the P/T duplexes used in the reaction mixtures are indicated under each lane. The RdRp
enzymes used in the reaction mixtures are indicated above the lanes. (B) Sequences of the primer and
the templates used in the assays whose results are shown in panel C. (C) Analysis of CTP incorporation
using RNA or single-stranded DNA as the template. The templates used in the reaction mixtures are
indicated at the bottom. ZIKV NS5 and RNA-P/RNA-T or RNA-P/DNA-T duplexes were mixed in the
reaction buffer, and the reactions were initiated by addition of the indicated concentrations of CTP (in
micromolar; indicated above each lane). The products of the reactions were analyzed by denaturing
PAGE. Arrow labeled 20, location of the 20-mer primer; arrow labeled 21, location of the 21-mer extended
product. (D) The percentages of the extended products in panel C were plotted against the CTP
concentration, and the results were fitted to a sigmoidal dose-response curve to generate K1/2. For the
RNA template, K1/2, CTP � 0.20 �M; and for the DNA template, K1/2, CTP � 0.076 �M.
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purified NS5 and NS5pol may have different enzymatic properties. The time course of
the primer extension reaction was also evaluated (see Fig. S1 in the supplemental
material). The results suggest that the initiation of the primer extension reaction is a
slow process and that preincubation in the presence of ATP (the first nucleotide to be
incorporated) did not significantly accelerate the formation of the full-length products.
It is possible that only a small fraction of NS5 in the reaction mixture is capable of
synthesizing RNA and that multiple rounds of enzyme turnover lead to the accumula-
tion of the full-length products. Due to the slow kinetics of the primer extension
reaction, a 1-h incubation time was used in the following primer extension assays.

ZIKV NS5 enzyme specificity for primer and template composition. The natural
activity of ZIKV NS5 is presumably to serve as an RdRp. To test whether ZIKV NS5 can
utilize other templates, four different primer-template duplexes (RNA primer-RNA
template, RNA primer-DNA template, DNA primer-RNA template, and DNA primer-DNA
template) were used as P/T pairs in the primer extension assay. Both ZIKV NS5 and
NS5pol could efficiently extend an RNA primer that was annealed to an RNA or a DNA
template (Fig. 3A, lanes 2 and 4 and lanes 5 and 7, respectively). The efficiency of RNA
elongation using an RNA or DNA template was further evaluated in a single ribonu-
cleotide incorporation assay (Fig. 3C). In this assay, the efficiency of ribonucleotide
incorporation was tested by measuring the ribonucleotide concentration at which half
of a 20-mer RNA primer is extended into the 21-mer RNA product (K1/2). When RNA was
used as a template in this assay, the K1/2 value for CTP was measured to be 0.20 �M;
when DNA was used as a template under conditions that were otherwise the same, K1/2

was measured to be 0.076 �M (Fig. 3D). These results suggest that DNA can serve as a
template for ZIKV NS5 with an efficiency similar to that of an RNA template. We also
found that DNA could be extended when it was used as a primer for ZIKV NS5 and
NS5pol to synthesize RNA in cases when the DNA was paired with an RNA template
(Fig. 3A, lanes 8 and 10). In contrast, a DNA primer paired with a DNA template was
poorly extended by NS5 and NS5pol (Fig. 3A, lanes 11 and 13). In the DNA primer-RNA
template case, the efficiency of full-length product formation was dramatically de-
creased compared to that when an RNA primer-RNA template was used (Fig. 3A, lanes
2 and 4 versus lanes 8 and 10). To further investigate the use of DNA as a primer, a
single nucleotide incorporation assay was performed to measure the K1/2 values of
ribonucleotides following either DNA or RNA primers under reaction conditions that
were otherwise the same. When DNA was used as a primer, the K1/2 value for the first
ribonucleotide, UTP (K1/2, UTP), was 155.5 �M, which was 120-fold higher than that when
RNA served as a primer (Fig. 4B and C). In contrast, the K1/2 values of CTP (K1/2, CTP), the
second ribonucleotide following the first U, were not substantially different (K1/2, CTP �

0.095 �M for the DNA primer and 0.040 �M for the RNA primer; Fig. 4C). These results
suggest that the efficiency of incorporation of the first ribonucleotide was significantly
impacted when DNA was used as a primer, but the efficiency of incorporation of the
following ribonucleotide approached normal values, i.e., the values obtained when RNA
was used as a primer. It should be noted that the effect of a long DNA primer on the
efficiency of incorporation of the next ribonucleotide is different from a misincorpora-
tion of a single deoxynucleotide following an RNA primer. In the last case, the
incorporation efficiency of the next ribonucleotide was minimally affected (Fig. 4B,
bottom, and C): the K1/2 values of CTP incorporation into the RNA-UMP and RNA-dTMP
primers were 0.040 and 0.065 �M, respectively.

Chain termination. Chain termination is one of the major mechanisms of inhibition
of viral RNA polymerases by ribonucleotide analogs. Several ribonucleotide 5=-
triphosphate inhibitors that have activities against other Flaviviridae members (Fig. 5A)
and that are currently on the market or in various stages of preclinical or clinical develop-
ment were tested for their ability to cause chain termination during RNA synthesis by ZIKV
NS5. Primer extension reactions were performed in the presence of different rNTP analogs
complemented with three natural rNTPs (Fig. 5B). 3=-dUTP, 3=-dATP, 3=-dGTP, and 3=-dCTP
are obligate chain terminators and served as positive controls for chain termination. As
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expected, incorporation of each 3=-deoxynucleotide triphosphate (3=-dNTP) fully prevented
extension of a product in the presence of the next correct ribonucleotide(s). Similarly,
�-D-2=-deoxy-2=-�-fluoro-2=-�-C-methyluridine-5=-triphosphate (2=-F-2=-C-Me-UTP), �-D-2=-�-
C-methyluridine-5=-triphosphate (2=-C-Me-UTP), �-D-2=-�-C-ethynyluridine-5=-triphosphate
(2=-C-ethynyl-UTP), �-D-2=-�-C-methyladenosine-5=-triphosphate (2=-C-Me-ATP), �-D-2=-
�-C-ethynyl-7-deaza-adenosine-5=-triphosphate (2=-C-ethynyl-7-deaza-ATP), �-D-2=-�-
C-methylguanosine-5=-triphosphate (2=-C-Me-GTP), �-D-2=-deoxy-2=-�-fluoro-2=-�-C-
methylguanosine-5=-triphosphate (2=-F-2=-C-Me-GTP), �-D-2=-�-C-methylcytidine-5=-tri-
phosphate (2=-C-Me-CTP), and �-D-2=-deoxy-2=-�-fluoro-2=-�-C-methylcytidine-5=-
triphosphate (2=-F-2=-C-Me-CTP) caused chain termination after incorporation into
nascent RNA. Interestingly, the 2=-C-Me- or 2=-C-ethynyl-modified ribonucleotide ana-
log 5=-triphosphates caused immediate chain termination after incorporation, while

FIG 4 Effect of using DNA or RNA as a primer by ZIKV NS5 RdRp. (A) Composition of the primer and
template in the RNA-RNA P/T duplex used in the assay whose results are shown in panel B. The
corresponding DNA primer is listed in Table 1 and was used in the DNA-RNA P/T. (B) Single nucleotide
incorporation assay using RNA or DNA as a primer. The primers used in the P/T duplexes are indicated
under the panels. The serial dilution of the first (UTP or dTTP) or second (CTP) nucleotide that was used
in the assays is indicated above each lane. For assay of incorporation of the second nucleotide, 10 �M
UTP was used as a first nucleotide following the RNA primer (lanes 8 to 13), 100 �M UTP was used as a
first nucleotide following the DNA primer (lanes 21 to 26), and 100 �M dTTP was used as the first
nucleotide following the RNA primer (lanes 34 to 39). The locations of the primers (both are 20-mers) as
well as of the first nucleotide extension products (21-mers) and the second nucleotide extension
products (22-mers) are indicated by the corresponding numbers. Note that DNA-containing products
migrate faster than the corresponding RNA products. (C) Quantitative analysis of UTP, dTTP, and CTP
incorporation efficiency from panel B. UTP and dTTP incorporation efficiency was evaluated on the basis
of the extension of the 20-mer to 21-mer products and the incorporation efficiency of CTP was evaluated
on the basis of the extension of 21-mer to 22-mer products, as described in the Fig. 3 legend.
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incorporation of 4=-C-azidocytidine-5=-triphosphate (4=-C-azido-CTP) caused only partial
chain termination. Further analysis showed that the incorporation of 4=-C-azidocytidine
in the nascent RNA chain resulted in a decreased efficiency of incorporation of the next
correct ribonucleotide by as much as 25-fold (Fig. S2). It has also been reported that the
incorporation of 4=-C-azidocytidine into HCV RNA could block the synthesis of the
complementary strand (14, 22). This mechanism of inhibition still needs to be investi-
gated.

Incorporation efficiency of ribonucleotide analogs. Since cells contain high levels
of natural rNTPs (23), ribonucleotide analogs have to compete with the natural rNTPs
for incorporation in order to inhibit NS5 polymerase activity. To act as a competitive,
alternative substrate inhibitor of an RdRp, a ribonucleotide analog must be incorpo-
rated into the growing RNA chain. The relative incorporation efficiency of ribonucle-
otide analogs versus natural ribonucleotides plays a major role in the ability of analogs
to inhibit polymerase activity. In this study, the relative incorporation efficiencies of
ribonucleotide analogs were evaluated by measuring the K1/2 value of RNA synthesis in
a single ribonucleotide incorporation assay and by comparing that value to the K1/2

value of natural rNTPs determined under the same reaction conditions. Discrimination
values were calculated by dividing the K1/2 of the rNTP analogs by the K1/2 of the
natural rNTPs and are referred to as Danalog values. To avoid the effect of the first
nucleotide incorporation, which can be affected by the processes of P/T binding and by
variable rates of first nucleotide incorporation, different templates were designed such
that the first incorporated ribonucleotide would be a natural ribonucleotide used at a
high concentration to promote the initiation, and the tested analog would be incor-
porated as the second nucleotide in the product (Table 1). An example of the P/T
design and testing of UTP analogs is shown in Fig. 6. In this assay the measured K1/2

values of the UTP analogs 2=-F-2=-C-Me-UTP, 2=-C-Me-UTP, 2=-C-ethynyl-UTP, and 3=-
dUTP were �297.6 �M, 25.72 �M, 2.421 �M, and 3.376 �M, respectively; these K1/2

values were compared with the K1/2 of UTP (0.484 �M) measured under the same
conditions. The calculated Danalog values were �615, 53.1, 5.0, and 7.0, respectively (Fig.
6C). These results suggest that the 2=-C-ethynyl modification of UTP was better toler-
ated by ZIKV NS5 than the 2=-C-Me modification. The 2=-F and 2=-C-Me double modi-
fication further decreased the incorporation efficiency of the ribonucleotide analog by
ZIKV NS5. Since this assay is designed to measure the incorporation of the second

FIG 5 (A) Chemical structures of the ribonucleotide 5=-triphosphate analogs used in the assay. (B) Analysis of chain termination ability of ribonucleotide analogs
in the reaction with ZIKV NS5 RdRp. The P/T duplex used in the assay is indicated at the top. The polymerase reactions were initiated by addition of the
ribonucleotide analogs at 100 �M and of the three complementing natural ribonucleotides at 10 �M each, as indicated under each lane, and the products of
the reactions were resolved by denaturing PAGE.
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nucleotide (elongation only), we have confirmed that the results are not affected by the
absence of Mg2� ions in the assay. Analogous assays in the presence of 3 mM MnCl2
plus 3 mM MgCl2 in the reaction mixture showed the same analog’s discrimination
trends (Fig. S3). The discrimination values of all tested ribonucleotide analogs are
summarized in Table 2. The results show that the discrimination values of 2=-C-Me-ATP,
2=-C-ethynyl-7-deaza-ATP, and 2=-C-ethynyl-UTP were the lowest, suggesting the high
efficiency of incorporation of these compounds by ZIKV NS5. Derivatives of these
ribonucleotide analogs may serve as potential antiviral molecules to combat ZIKV
infection. It has been shown before that 2=-C-ethynyl-7-deaza-ATP is also a potent

TABLE 1 Sequences of labeled and unlabeled oligonucleotides used in the study

Oligonucleotide Sequencea

Labeled RNA primer Cy5.5-5=-AGAACCUGUUGAACAAAAGC-3=
Labeled DNA primer Cy5.5-5=-AGAACCTGTTGAACAAAAGC-3=
RNA template 1 3=-UCUUGGACAACUUGUUUUCGGCUUAUUA-5=
DNA template 3=-TCTTGGACAACTTGTTTTCGGCTTATTA-5=
RNA template 2 3=-UCUUGGACAACUUGUUUUCGAGCUUAUUC-5=
Template for ATP analog K1/2 3=-UCUUGGACAACUUGUUUUCGAUCGUUAUUA-5=
Template for UTP analog K1/2 3=-UCUUGGACAACUUGUUUUCGCAGUUUUUU-5=
Template for GTP analog K1/2 3=-UCUUGGACAACUUGUUUUCGACUUAUUA-5=
Template for CTP analog K1/2 3=-UCUUGGACAACUUGUUUUCGUGCAUUAUUA-5=
Template for UTP analog IC50 5=-A30AACAGGUUCUAGAACCU GUU-3=
aBoldface type indicates a single-stranded template part after P/T duplex formation.

FIG 6 Efficiency of UTP analog incorporation by ZIKV NS5. (A) P/T sequence used to assay UTP analogs.
(B) Polymerase reactions were performed in the presence of 10 �M GTP as the first nucleotide and
increasing concentrations (in micromolar) of UTP or UTP analogs, as indicated above each lane. The
identity of the tested ribonucleotide is indicated at the bottom. The locations of the 20-mer primer and
21- and 22-mer first and second nucleotide extension products are indicated on the right. (C) Quanti-
tative analysis of UTP and UTP analog incorporation. The incorporation efficiency was evaluated on the
basis of the extension of 21-mer to 22-mer products. The measured K1/2 values for UTP, 3=-dUTP,
2=-F-2=-C-Me-UTP, 2=-C-Me-UTP, and 2=-C-ethynyl-UTP were 0.484 �M, 3.376 �M, ~297.6 �M, 25.72 �M,
and 2.421 �M, respectively. Danalog values were calculated as K1/2, analog/K1/2, UTP and are shown to the
right of the graph.

Inhibitors of Zika Virus RNA-Dependent RNA Polymerase Antimicrobial Agents and Chemotherapy

March 2017 Volume 61 Issue 3 e01967-16 aac.asm.org 9

http://aac.asm.org


inhibitor of HCV and dengue virus RdRps, and its antiviral activity has been extensively
studied (16, 18, 24).

Inhibition of ZIKV NS5 by UTP analogs (IC50 measurement). A nonradioactive
assay based on chemiluminescent detection of pyrophosphate (PPi) was developed to
measure the inhibition of ZIKV NS5 activity by analog rNTPs. In this assay, the poly-
merase activity is measured by quantifying the PPi released during the RNA synthesis
reaction. After the polymerase reaction, the released PPi is converted to ATP in a
reaction catalyzed by ATP sulfurylase using adenosine 5=-phosphosulfate sodium salt
(APS) as a substrate, and the generated ATP is quantified in the same reaction tube
using a sensitive chemiluminescent luciferase assay (25–28). An RNA template that
contains a polyadenine sequence at the 5= end and that can form a hairpin structure
at the 3= end (Table 1) was used as a primer-template in this assay. UTP analogs that
can be incorporated by ZIKV NS5 and cause chain termination (see above) were tested
in this assay (Table 3). The results showed that the IC50s for 2=-C-Me-UTP, 2=-F-2=-C-
Me-UTP, 2=-C-ethynyl-UTP, and 3=-dUTP were 5.78, 90.76, 0.46, and 0.67 �M, respec-
tively, when measured in the presence of 1 �M competing UTP. The IC50s of these
analogs against dengue virus type 2 NS5 (prepared using the same methods) were also
determined and showed a rank of activities similar to those measured for ZIKV NS5
(Table 3). Our data suggest that 2=-C-ethynyl-UTP is the most potent inhibitor of ZIKV
NS5 and dengue virus NS5 polymerases, while 2=-C-Me-UTP is less active and 2=-F-2=-
C-Me-UTP is the least potent in the enzyme inhibition assay.

DISCUSSION

In this study, recombinant full-length ZIKV NS5 RdRp and its polymerase domain
were both successfully constructed, expressed, and purified. To our knowledge, this is

TABLE 2 Discrimination values of ribonucleotide analogs

Ribonucleotide analog Danalog
a (mean � SD)

ATP analogs
3=-dATP 1.4 � 0.5
2=-C-Me-ATP 3.7 � 0.4
2=-C-ethynyl-7-deaza-ATP 5.7 � 1.2

GTP analogs
3=-dGTP 3.7 � 1.3
2=-C-Me-GTP 12.9 � 0.1
2=-F-2=-C-Me-GTP 19.3 � 4.0

CTP analogs
3=-dCTP 2.2 � 0.5
2=-F-2=-C-Me-CTP 9.8 � 1.1
2=-C-Me-CTP 6.7 � 0.7
4=-C-azido-CTP 437.5 � 79.9

UTP analogs
3=-dUTP 5.7 � 1.2
2=-F-2=-C-Me-UTP 660.5 � 64.3
2=-C-Me-UTP 53.2 � 0.1
2=-C-ethynyl-UTP 4.9 � 0.1

aDanalog value � K1/2, analog/K1/2, natural. Data are from 2 or 3 independent experiments.

TABLE 3 UTP analog discrimination values and IC50s determined in ZIKV and dengue
virus polymerase assays

Analog
ribonucleotide

ZIKV NS5 DFV NS5

Danalog
a

(mean � SD) IC50 (�M)
Danalog

a

(mean � SD) IC50 (�M)

3=-dUTP 5.7 � 1.2 0.67 3.8 � 1.7 0.68
2=-F-2=-C-Me-UTP 660.5 � 64.3 90.76 678 � 258 55.13
2=-C-Me-UTP 53.2 � 0.1 5.78 55.6 � 38.5 4.94
2=-C-ethynyl-UTP 4.9 � 0.1 0.46 6 0.33
aDanalog value � K1/2, analog/K1/2, natural. Data are from 2 or 3 independent experiments.
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the first report of the enzymatic characterization of ZIKV NS5. Using purified NS5, we
have developed an in vitro nonradioactive primer extension assay and have demon-
strated that it can be used as a tool to identify ribonucleotide analog substrates and
inhibitors of ZIKV RdRp.

The most common problems with the expression of a viral protein in an E. coli
system are protein solubility and stability. In our study, different ZIKV NS5 variants
expressed in E. coli were only partially soluble. As described in the Results section,
different protein expression strategies were tested, but none of the strategies led to
significant improvements in ZIKV NS5 protein solubility. Under the same expression and
purification conditions, both full-length NS5 and the RdRp subdomain of DFV could be
expressed as fully soluble proteins (data not shown). Both ZIKV and dengue virus
belong to the Flavivirus genus, and the NS5 protein sequences show 60% amino acid
sequence identity, but the expressed proteins have noticeably different solubilities.
Perhaps some sequences or domains in ZIKV NS5 promote protein aggregation when
ZIKV NS5 is expressed in E. coli. Further optimization of ZIKV NS5 expression conditions
could be employed to increase the solubility of ZIKV NS5 in E. coli.

Purified ZIKV NS5 can extend an RNA primer annealed to an RNA template in a
Mn2�-dependent fashion. The dependence of polymerase activity upon divalent metal
ions has been demonstrated for other viral RNA polymerases (29–31). Interestingly,
Mg2�, the most common divalent metal ion used by many RNA polymerases, cannot
support ZIKV NS5 primer extension activity. The effect of Mn2� preference is not unique
to the ZIKV polymerase and has been observed with other viral polymerases, including
the NS5 protein of Japanese encephalitis virus (JEV), also a Flavivirus member (32, 33).
In our study, a high concentration of Mg2� inhibited ZIKV NS5 polymerase activity even
in the presence of Mn2�, indicating perhaps that Mg2� can compete with Mn2� for
binding to the active site of the ZIKV NS5.

It is unclear why the polymerase activity of purified ZIKV NS5 is not supported by Mg2�

in this study. In cells, Mg2� would likely be the divalent metal ion utilized by the viral NS5
protein since the intracellular concentrations of Mg2� are significantly higher than those of
Mn2�. It is possible that cellular cofactors involved in the formation of the ZIKV replicase
complex affect the divalent metal ion requirements of the NS5 polymerase. The mechanism
of Mn2� preference needs further characterization, as does the influence of Mn2� on the
ribonucleotide 5=-triphosphate substrate specificity of ZIKV NS5.

It is interesting that DNA can serve as a template for ZIKV NS5 to synthesize RNA. A
similar flexibility has also been shown to some degree for other viral RdRps (34, 35). We
also showed that ZIKV NS5 can use DNA as a primer to synthesize RNA, although the
efficiency of priming is lower than that when RNA is used as a primer. We have also
observed that both Zika and dengue virus NS5 proteins can incorporate 2=-
deoxynucleotide triphosphates (2=-dNTPs) into RNA with some efficiency (Fig. 4B,
bottom, and data not shown). Because 2=-dNTPs are present in cells at relatively high
concentrations, it is possible that Flavivirus RdRps may sometimes misincorporate
natural 2=-dNTPs into viral RNA and continue to use such mutated RNAs for further
replication. It is speculated that being able to use DNA–3=-OH as a primer or to use a
template with misincorporated DNA nucleotides enables the NS5 polymerase to con-
tinue synthesis of RNA after a deoxynucleotide misincorporation without abortion of
the replication process, and to correct such mutations in the next round of RNA
synthesis/copying. At the same time, the Flavivirus RdRps do not waste resources
copying from DNA since the efficiency of synthesis initiation from double-stranded
DNA is very low (Fig. 3A). This property of using DNA as a primer or a template is not
unique to the Flavivirus genus. RdRps of other RNA viruses, e.g., brome mosaic virus and
vesicular stomatitis virus, have been shown to use DNA, RNA, and chimeric templates
to synthesize RNA (34, 36).

During the preparation of the manuscript, a communication by Sacramento et al.,
posted on the bioRxiv website, suggested that sofosbuvir, a ribonucleotide analog
approved for use for the treatment of HCV infection, impairs Zika virus replication (37).
Data from that non-peer-reviewed communication also suggest that the active form of
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sofosbuvir, 2=-F-2=-C-Me-UTP, can inhibit ZIKV RNA-dependent RNA polymerase activity
very efficiently, with the IC50 being as low as 0.38 �M. Our data show that 2=-F-2=-C-
Me-UTP can serve as a substrate for ZIKV NS5 and can cause chain termination upon
incorporation. This result also indicates that it could serve as an inhibitor of ZIKV NS5,
but our data showed that the incorporation efficiency was low (discrimination value,
�660). To verify the effect of 2=-F-2=-C-Me-UTP inhibition of ZIKV NS5 activity, the
inhibition potency (IC50) of 2=-F-2=-C-Me-UTP and of several other UTP analogs was
measured in a polymerase inhibition assay. In our assay, the competing natural UTP
concentration was 1 �M. The results indicate that 2=-F-2=-C-Me-UTP was not a very
potent inhibitor (IC50 � 90.76 �M). On the other hand, the IC50 of 2=-C-ethynyl-UTP was
0.46 �M, which shows that this ribonucleotide analog is a potent inhibitor of ZIKV NS5.
Using purified dengue virus NS5 RdRps, we obtained similar results: the IC50s for
2=-F-2=-C-Me-UTP and 2=-C-ethynyl-UTP were 55.13 and 0.33 �M, respectively. In the
study by Sacramento et al., modified UTPs (biotin-UTP and DIG-UTP) rather than natural
UTP were used as competing 5=-triphosphates (37). The low apparent IC50 for 2=-F-2=-
C-Me-UTP (0.38 �M) may suggest that 2=-F-2=-C-Me-UTP can efficiently compete with
the modified UTPs, but had the natural UTP been used in the assay, the result might
have been different. Our in vitro inhibition assay suggests that 2=-F-2=-C-Me-UTP is not
a potent inhibitor of ZIKV NS5. Nevertheless, if the intracellular concentration of
2=-F-2=-C-Me-UTP in target cells/organs can reach concentrations that are high enough,
it may still inhibit ZIKV replication.

Another recent publication, by Eyer et al., indicated that a 50 �M concentration of
sofosbuvir cannot inhibit Zika virus replication in Vero cell culture (38). In the last study,
the authors also showed that 2=-C-methylated nucleosides are more potent inhibitors
of ZIKV replication in Vero cell culture, which agrees well with our results of relatively
low discrimination for 2=-C-methylated ribonucleotides by ZIKV polymerase.

While the polymerase activity of our purified ZIKV NS5 was sufficient enough to
measure K1/2 and to determine discrimination values, it was not high enough to
measure all IC50s in the inhibition assay. The IC50s of rNTP analogs are usually measured
in reaction mixtures containing competing natural ribonucleotides at 1 �M or less.
Under these conditions, our ZIKV NS5 was not very efficient at synthesizing RNA using
templates containing poly(C), poly(G), or poly(U) sequences. As a result, so far, only the
IC50s of different UTP analogs have been determined.

Measurement of a ribonucleotide analog discrimination versus natural ribonucle-
otide is an efficient way to search for rNTP analogs that can be efficiently recognized
and incorporated by viral polymerases. For rNTP analogs that cause chain termination
after incorporation, our data also suggest that IC50s correlate well with the discrimina-
tion values. Therefore, the discrimination values may serve as an efficient and econom-
ical way for evaluating different ribonucleotide analogs as candidates for antiviral drug
development.

MATERIALS AND METHODS
Chemicals. ATP, UTP, CTP, GTP, 3=-dUTP, 3=-dATP, 3=-dGTP, 3=-dCTP, 2=-dATP, 2=-dCTP, 2=-dGTP, and

2=-dTTP were purchased as 100 mM solutions from TriLink Biotechnologies (San Diego, CA). Urea, taurine,
DTT, MnCl2, imidazole, adenosine 5=-phosphosulfate sodium salt (APS), and IPTG were purchased from
Sigma (St. Louis, MO). LB medium, bovine serum albumin (BSA), NaCl, Triton X-100, protease inhibitor
cocktail, ATP sulfurylase, Tris-HCl (pH 7.5), and HisPur Ni-nitrilotriacetic acid (NTA) agarose resin were
purchased from Thermo Fisher Scientific (Waltham, MA). An In-Fusion HD cloning kit and Stellar
competent cells were purchased from Clontech (Mountain View, CA). The pMal-c5X vector was pur-
chased from New England Biolabs (NEB; Ipswich, MA). Luciferase and D-luciferin were purchased from
Promega (Madison, WI). Fluorescently labeled RNA and DNA oligonucleotides (Cy5.5-RNA or Cy5.5-DNA,
respectively), as well as unlabeled RNA and DNA oligonucleotides, were chemically synthesized and
purified by high-performance liquid chromatography by Integrated DNA Technologies (Coralville, IA).
Cy5.5-RNA and Cy5.5-DNA primer sequences are shown in Table 1. �-D-2=-Deoxy-2=-�-fluoro-2=-�-C-
methyluridine-5=-triphosphate (2=-F-2=-C-Me-UTP), �-D-2=-�-C-methyluridine-5=-triphosphate (2=-C-Me-
UTP), �-D-2=-�-C-ethynyluridine-5=-triphosphate (2=-C-ethynyl-UTP), �-D-2=-�-C-methyladenosine-5=-
triphosphate(2=-C-Me-ATP),�-D-2=-�-C-ethynyl-7-deaza-adenosine-5=-triphosphate(2=-C-ethynyl-7-deaza-
ATP), �-D-2=-�-C-methylguanosine-5=-triphosphate (2=-C-Me-GTP), �-D-2=-deoxy-2=-�-fluoro-2=-�-C-
methylguanosine-5=-triphosphate (2=-F-2=-C-Me-GTP), �-D-2=-�-C-methylcytidine-5=-triphosphate (2=-C-
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Me-CTP), �-D-2=-deoxy-2=-�-fluoro-2=-�-C-methylcytidine-5=-triphosphate (2=-F-2=-C-Me-CTP), and 4=-C-
azidocytidine-5=-triphosphate (4=-C-azido-CTP) were synthesized in-house.

Plasmid construction and protein expression. A codon-optimized cDNA sequence of ZIKV NS5
(amino acids 2522 to 3423; strain H/PF/2013; GenBank accession number KJ776791.1) was synthesized de
novo by Blue Heron Biotechnology (Bothell, WA). The ZIKV NS5 polymerase portion was PCR amplified
and cloned into a pMal-c5X vector under tac promoter control. Briefly, the PCR-amplified fragment of
ZIKV NS5 (amino acids 1 to 902) or NS5pol (amino acids 272 to 902) containing an N-terminal His tag
sequence was fused with a PCR-linearized pMal-c5X vector (without a maltose binding protein sequence)
using the In-Fusion HD cloning kit (Clontech, Mountain View, CA). A plasmid carrying a ZIKV NS5 mutant
(NS5mut) with an active site mutation (GDD ¡ GAA) in amino acid positions 663 to 665 of NS5 was
constructed by fusion of a chemically synthesized 60-bp DNA fragment containing a GAA motif mutation
with a PCR-linearized ZIKV NS5 expression plasmid. For protein expression, the plasmids were trans-
formed into Stellar competent cells (Clontech). Expression vector pMal-c5X contains a lacI gene, which
allows the inducible expression of NS5 in Stellar cells. The transformed cells were grown to an optical
density at 600 nm of 1 in LB medium containing 100 �g/ml ampicillin at 37°C. The cells were cooled
down in a 4°C refrigerator for 30 min. MgCl2 and ZnCl2 were added to final concentrations of 1 mM and
50 �M, respectively. Protein expression was induced at 20°C for 2 h by the addition of 0.1 mM IPTG. Cells
were harvested by centrifugation at 4,000 � g for 20 min at 4°C. The cell pellets were stored at �80°C
before further processing.

Protein purification and identification. Cell pellets were resuspended in sonication buffer (20 mM
Tris-HCl, pH 7.5, 10% glycerol, 500 mM NaCl, 0.5% Triton X-100, 10 mM DTT, 2 mM MgCl2, 50 �M ZnCl2,
30 mM imidazole, 1� protease inhibitor cocktail). Cell disruption was performed on ice for 10 min using
an ultrasound probe sonicator. The cell extract was clarified by centrifugation at 16,000 � g for 20 min
at 4°C. The supernatant was incubated with HisPur Ni-NTA agarose resin with gentle rocking for 1 h at
4°C. The resin was then washed 5 times with 10 volumes of wash buffer (20 mM Tris-HCl, pH 7.5, 10%
glycerol, 500 mM NaCl, 0.5% Triton X-100, 1 mM DTT, 2 mM MgCl2) containing 30 mM imidazole and then
one time with wash buffer containing 80 mM imidazole. The protein was eluted from the resin with 1
volume of elution buffer (20 mM Tris-HCl, pH 7.5, 10% glycerol, 50 mM NaCl, 0.5% Triton X-100, 10 mM
DTT, 300 mM imidazole). The eluted enzyme was adjusted to 50% glycerol and stored at �80°C before
use. Protein identification by mass spectrometry was performed by MS Bioworks (Ann Arbor, MI). The
concentration of a targeted protein was measured by SDS-PAGE using BSA (Sigma, St. Louis, MO) as a
standard.

Primer and template annealing. To generate RNA or DNA primer-template complexes, 1 �M
fluorescently labeled oligonucleotide primer (Cy5.5-RNA or Cy5.5-DNA) and 4 �M unlabeled DNA or RNA
template were mixed in 50 mM NaCl in deionized RNase- and DNase-free water, incubated at 95°C for
10 min, and then slowly cooled to room temperature. The annealed primer and template (P/T) complex
was stored at �20°C in the dark before use in primer extension assays.

Primer extension polymerase activity assay. ZIKV NS5 polymerase activity was determined in a
primer extension reaction using a fluorescently labeled RNA primer-RNA template complex. A typical
primer extension reaction was performed in a 20-�l reaction mixture containing reaction buffer (5 mM
Tris-HCl, pH 7.5, 10 mM DTT, 5 mM MnCl2, 0.5% Triton X-100, 0.01 U RNasin, 10% glycerol), 10 nM P/T
complex, and 15 nM NS5 protein. The reaction was initiated by the addition of rNTPs at a final
concentration of 100 �M, unless otherwise specified, followed by incubation for 1 h at 35°C. The
reactions were quenched by the addition of 40 �l quenching buffer (8 M urea, 90 mM Tris base, 29 mM
taurine, 10 mM EDTA, 0.02% SDS, 0.1% bromophenol blue). The quenched samples were denatured at
95°C for 15 min, and the primer extension products were separated using 15% denaturing polyacryl-
amide gel electrophoresis (urea-PAGE) in 1� TTE buffer (90 mM Tris base, 29 mM taurine, 0.5 mM EDTA).
After electrophoresis, the gels were scanned using an Odyssey infrared imaging system (LI-COR Biosci-
ences, Lincoln, NE). The images were analyzed, and the proper RNA bands were quantified using Image
Studio software Lite (version 4.0; LI-COR Biosciences, Lincoln, NE).

Analysis of chain termination ability of ribonucleotide analogs. The primer extension reactions
were performed as described above, and each reaction mixture included three natural rNTPs and an
analog rNTP as a replacement for the fourth natural rNTP. Briefly, 10 nM RNA primer-RNA template was
incubated with 15 nM NS5 in a reaction buffer (5 mM Tris-HCl, pH 7.5, 10 mM DTT, 5 mM MnCl2, 0.5%
X-100, 0.01 U RNasin, 10% glycerol), and the reaction was initiated by adding both rNTPs and an analog
rNTP. The final concentrations of natural rNTPs and analog 5=-triphosphates were 10 �M and 100 �M,
respectively. The reaction mixtures were incubated at 35°C for 1 h, and the reaction was quenched with
quenching buffer. The quenched samples were heated at 95°C for 15 min and analyzed by denaturing
PAGE as described above.

Measurement of ribonucleotide analog incorporation efficiency. Different templates were de-
signed to test individual analog rNTPs. The particular primer and template sequences are shown in Table
1. The templates were designed such that the tested analog rNTP was the second ribonucleotide to be
incorporated. The first natural ribonucleotide was added at a high concentration to promote the
formation of polymerase-P/T and of the elongation complexes. Different concentrations of the ribonu-
cleotide analogs tested were added to reaction mixtures containing 10 nM P/T complex and 15 nM NS5
in a reaction buffer (5 mM Tris-HCl, pH 7.5, 10 mM DTT, 5 mM MnCl2, 0.5% X-100, 0.01 U RNasin, 10%
glycerol) to initiate the reactions. After 1 h of incubation at 35°C, the reactions were quenched with
quenching buffer and analyzed by denaturing PAGE as described above.
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Quantitation of extension products and data analysis. After electrophoresis, the gels were
scanned using an Odyssey infrared imaging system. The intensity of the different RNA bands was
quantified using Image Studio software Lite (version 4.0).

The incorporation efficiencies of the different rNTP analogs were evaluated by measurement of the
K1/2 and the corresponding discrimination values (39, 40).

K1/2 calculations. In a single-nucleotide incorporation assay, the percent ribonucleotide incorpora-
tion was calculated as follows: amount of product band/(amount of product band � amount of
unextended substrate band). The percent incorporation was plotted against the tested ribonucleotide
concentration, and the data were fitted to a hyperbolic equation to generate the K1/2 value, i.e., the
ribonucleotide concentration at which 50% of product formation was reached. The data were analyzed
with GraphPad Prism software using the following equation: Y � bottom � (top � bottom)/{1 � 10^[(log
K1/2 � S) � Hill slope]}, where Y is the percent incorporation observed, top is the maximal incorporation
percent, bottom is the percent of incorporation under a condition in which no ribonucleotide analog is
added (background signal), S is the log of the concentration of the analog rNTP tested, and K1/2 is the
ribonucleotide concentration at which 50% of the substrate was converted to the product.

Analog rNTP discrimination (Danalog) values. Discrimination (Danalog) was defined as the incorpo-
ration efficiency of an rNTP analog relative to the incorporation efficiency of the corresponding natural
rNTP by the polymerase. The Danalog value is calculated as K1/2, analog/K1/2, natural, where K1/2, analog is the
K1/2 measured for an analog rNTP and K1/2, natural is the K1/2 of the corresponding natural rNTP measured
under the same reaction conditions. A lower discrimination value indicates a better efficiency of
incorporation of a tested rNTP analog by the polymerase.

Inhibition of ZIKV NS5 by UTP analogs (IC50 measurement). A 1 �M solution of RNA template
(5=-A30AACAGGUUCUAGAACCU GUU-3=) in 100 mM NaCl in water was incubated at 98°C for 5 min and
slowly cooled to room temperature to allow the formation of the intramolecular hairpin (41). The RNA
polymerase inhibition assays were performed in a 15-�l reaction mixture containing reaction buffer (5 mM
Tris-HCl, pH 7.5, 10 mM DTT, 5 mM MnCl2, 0.5% Triton X-100, 0.01 U RNasin, 10% glycerol), 10 nM RNA
template, and 30 nM NS5 protein. The reaction was initiated by the addition of pyrophosphate (PPi)-free UTP
(1 �M) mixed with various concentrations (0.01 to 100 �M) of PPi-free ribonucleotide analogs (all rNTPs were
pretreated with pyrophosphatase to remove contaminating PPi), followed by incubation for 1 h at 35°C. The
reaction mixture without the RNA template served as a control for nonspecific PPi generation. After
incubation, the reaction mixtures (15 �l) were transferred into a 96-well white microtiter plate. To quantify the
PPi generated in the polymerase reaction, 85 �l of the luciferase reaction mixture containing 13 nM luciferase,
33 �U/ml ATP sulfurylase, 160 �M D-luciferin, 6 �M APS, 5 mM MgCl2, 10 mM KCl, and 50 mM Tris-HCl, pH
7.5, was added to each well containing 15 �l the polymerase reaction mixtures, and the plate was incubated
at room temperature for 5 min. The luciferase activity was measured using a luminometer (Veritas; Promega,
Madison, WI). Sodium pyrophosphate standards (3.125, 12.5, 50, and 200 nM) were used to generate a
calibration curve for calculation of the PPi concentration in the polymerase reactions.

Data analysis and IC50 calculations. The PPi concentration was calculated on the basis of the PPi

calibration curve. The PPi generated not as a result of the polymerase reaction (nonspecific signal) was
subtracted by using a no-RNA control. The percent polymerase activity was calculated as follows:
([PPi]analog/[PPi]UTP) � 100, where [PPi]analog is the PPi concentration measured in the polymerase reaction
with various concentrations of analog and 1 �M UTP added, and [PPi]UTP is the PPi concentration
measured in the polymerase reaction with only 1 �M UTP added.

IC50, the analog concentration at which the polymerase activity was reduced by 50%, was calculated
by fitting the data to the equation Y � bottom � (top � bottom)/{1 � 10^[(log IC50 � S) � Hill slope]},
where Y is the percent polymerase activity, top is the maximal polymerase activity with no ribonucleotide
analog added (no inhibition), bottom is the percent minimal polymerase activity (high inhibition), S is the
log10 concentration of the rNTP analog tested, and IC50 is the ribonucleotide concentration at which 50%
of the inhibition of polymerase activity is achieved. The reported IC50s are the means of three indepen-
dent measurements.
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