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An unusual enterovirus 71 (EV71) epidemic has begun in China since 2008. EV71 RNA polymerases (3Dpol)
showed polymerase activity with an Mn2+. Little activity was detected with Co2+, and no activity was
detected with Mg2+, Ca2+, Cu2+, Ni2+, Cd2+, or Zn2+. It is a primer-dependent polymerase, and the enzyme
functioned with both di- and 10-nucleotide RNA primers. DNA primer, dT15, increased primer activity, similar
to other enterovirus 3Dpol. However, EV71 3Dpol initiated de novo transcription with a poly(C) template and
genome RNA. Its RNA binding activity was weak. Terminal nucleotidyl transferase and reverse transcriptase
activity were not detected. The Km and Vmax for EV71 3Dpol were calculated from classic Lineweaver–Burk
plots. The Km values were 2.35±0.05 (ATP), 5.40±0.93 (CTP), 1.12±0.10 (GTP) and 2.81±0.31 (UTP), and
the Vmax values were 0.00078±0.00005/min (ATP), 0.011±0.0017/min (CTP), 0.050±0.0043/min (GTP)
and 0.0027±0.0005/min (UTP). The Km of EV71 3Dpol was similar to that of foot andmouth disease virus and
rhinovirus. Polymerase activity of BrCr-TR strain and a strain from a clinical isolate in Beijing, 2008 were
similar, indicating the potential for 3Dpol as an antiviral drug target.
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1. Introduction

Enterovirus 71 (EV71) is a small, non-enveloped virus with a
single-stranded, positive-sense RNA genome of about 7500 nucleo-
tides (nt) and belongs to the genus Enterovirus of the family
Picornaviridae [1]. Picornaviridae genomes are not capped, but rather
they are covalently linked to a 22-amino-acid viral peptide called VPg.
The 5′ untranslated region of these genomes contains an internal
ribosome entry site (IRES), which is the site of initiation of translation.
Picornaviridae genomes are polyadenylated at their 3′ ends. One large
polyprotein precursor of approximately 250 kDa is encoded by
genomes of Picornaviridae, which consists of one structural region
(P1) and two nonstructural regions (P2 and P3) in a single open
reading frame. This large polyprotein precursor is processed via
autoproteolysis by viral proteases 2Apro, 3Cpro, and 3CDpro, resulting in
a variety of precursor and mature viral proteins. P3 is processed into
the 3AB and 3CDpro proteins. 3AB is further processed into the
membrane-anchor protein 3A and the protein 3B, also called VPg.
3CDpro is further processed into the proteins 3Cpro and 3Dpol, which is
the viral RNA-dependent RNA polymerase (RdRp).

Picornaviridae RdRps use the viral protein VPg as a primer for
positive-strand and negative-strand viral RNA synthesis. VPg is
uridylated by 3Dpol, which covalently links two UMP molecules to
the third amino acid residue of VPg, a tyrosine (Y3). For enteroviruses,
this reaction is templated either by a cis-acting replication element
(cre), which is an RNA stem-loop structure situated in the coding
region of protein 2C [cre (2C)], or by the poly(A) tail, albeit with lower
efficiency in vitro [2].

EV71 is classified as a Human enterovirus species A, along with some
coxsackie A viruses (CVA), such as CVA10 and CVA16, which cause
hand, foot and mouth disease (HFMD), and herpangina. Phylogenetic
analysis of EV71 1D coat protein has demonstrated the three genetic
lineages: genotype A, B and C [3], which can be further subdivided into
genogroups: B1 to B5 and C1 to C5 [4–7]. EV71 infections are
sometimes associated with severe neurological diseases, such as brain
stem encephalitis and poliomyelitis-like paralysis, although most EV71
infections commonly result in self-limiting conditions [8]. A number of
fatal encephalitis cases were reported during large-scale HFMD
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outbreaks in Malaysia in 1997 [9] and in Taiwan in 1998 and 2000
[10,11]. Most of the fatal cases of EV71 during the outbreaks in Taiwan
were caused by pulmonary edema and/or pulmonary hemorrhage,
which may have been caused by direct destruction of the vasomotor
and respiratory centers in the brain stem by EV71 infection [10,12–16].
A presently ongoing EV71 epidemic that began in 2008 in China
resulted in 126 fatalities out of 481,000 total EV71 cases in 2008
[17–19]. Pyrimidine derivatives [20], andmore recently, DTriP-22 (4{4-
[(2-bromo-phenyl)-(3-methyl-thiophen-2-yl)-methyl]-piperazin-1-
yl}-1-pheny-1H-pyrazolo[3,4-d]pyrimidine) were found to target EV71
3Dpol [21]. To date, however, no effective vaccine or antiviral drugs
against EV71 have been available yet.

Because RdRps of RNA viruses are essential for viral replication,
and an equivalent host cellular enzyme does not exist, these
polymerases are prime targets for the development of antiviral
drugs. The ternary structure of EV71 3Dpol of the Chinese epidemic
strain was revealed recently [22]. However, the biochemical feature of
the RdRp has not been analyzed enough. In order to study the
contribution of RdRp activity to the pathogenicity of EV71, and to
develop anti-EV71 3Dpol drugs, we analyzed the biochemical
characteristics including kinetic data of the EV71 3Dpol, which consists
of 463 amino acids and which calculated molecular weight is 53 kDa,
of the prototype strain, BrCr-TR (group A), and compared our findings
to the polymerase activity of an isolate from a severe HFMD case
collected in Beijing in 2008 (EV71 BJ), which belongs to group C [23].

2. Materials and methods

2.1. Cell culture

Human rhabdomyosarcoma (RD) cells were maintained in
minimal essential media (MEM, GIBCO) supplemented with 10%
fetal bovine sera (FBS, GIBCO), 2 mM L-Glutamine (GIBCO), 100 U/ml
penicillin G sodium, and 100 μg/ml streptomycin sulfate (GIBCO).

2.2. Isolation and cDNA construction of enterovirus 71

Enterovirus 71 (EV71 BJ) was isolated from a skin vesicle from a
severely ill HFMD patient in Beijing, China, in 2008, and cultured in RD
cells. Viral RNA was extracted from the culture media using the
QIAamp Mini Viral RNA Extraction Kit (Qiagen). cDNA of EV71 BJ
(GenBank account No. FJ606449) was amplified by RT-PCR as two
fragments from viral RNA using the OneStep RT-PCR kit (Qiagen) and
the primers listed in Table S1.

2.3. Construction of plasmids expressing EV71 3Dpol

EV71 3Dpol was PCR-amplified from pEV71(BrCr-TR) [24] and the
PCR fragment of EV71 BJ using BrCr-TR-N and C, and BJ-N and C (Table
S1) by Pyrobest (Takara), and A-addition by LA-taq (Takara) before
being cloned into the pGEMT vector (Promega). After digestion with
NdeI and XhoI, EV71BrCr-TR 3Dpol was cloned into the same sites of
pET21b(KM) [25], resulting in pETEV71(BrCr-TR)3Dpol. The polymer-
ase knock-out mutation, D330A was introduced using an in vitro
mutagenesis kit (Stratagene, Table S1) to yield the construct pETEV71
(BrCr-TR)3DpolD330A. The PCR fragment of EV71 BJ was cloned into
pET21b(KM), resulting in pETEV71(BJ)3Dpol. Construct sequences
were confirmed by DNA sequencing (Invitrogen).

2.4. Expression and purification of EV71 3Dpol

pETEV71(BrCr-TR)3Dpol, pETEV71(BrCr-TR)3DpolD330A and
pETEV71(BJ)3Dpol were transformed into Escherichia coli (E. coli)
Rosetta/pLysS (Novagen). The expression of EV71 3Dpol was induced
with 1 mM IPTG at 37 °C for 1 h after the bacteria had been grown to
AD600=0.58. After harvesting, the cells were suspended in a buffer
containing 50 mM NaH2PO4 (pH 8.0), 500 mM NaCl, 0.1% Triton
X-100, 0.1% 2-mercaptoethanol, 1 mMPMSF, and 2 mM imidazole and
lysed by sonication. After centrifugation at 11,000 rpm for 30 min at
4 °C (Beckman JA rotor), the supernatant was incubated with Ni-NTA
agarose (Qiagen), and the bound EV71 3Dpol was eluted with elution
buffer (20 mM Tris–HCl (pH 8.0), 500 mM NaCl, 0.1% Triton X-100,
and 0.1% 2-mercaptoethanol) containing 250 mM imidazole after the
column had been washed with 40 mM imidazole. EV71 3Dpol was
chromatographed on Superdex200 (GE) in 20 mM Tris–HCl (pH 8.0),
500 mM NaCl, 1 mM EDTA, 1 mM DTT, and 1 mM PMSF, followed by
further chromatography on MonoQ (GE) in 20 mM Tris–HCl (pH 8.0),
50 mMNaCl, 1 mMEDTA, 1 mMDTT, and 1 mMPMSF. EV71 3Dpol was
eluted with 220 mM NaCl. The purified EV71 3Dpol was stored at
−80 °C.

2.5. EV71 genome RNA

EV71 BrCr-TR strain genome RNA was transcribed in vitro from
MluI-linearized pEV71 (BrCr-TR) [24] using the MegaScript T7 kit
(Ambion) (Fig. S1).

2.6. In vitro transcription

One hundred nanomolars of EV71 3Dpol were incubated in 50 mM
Tris–HCl (pH 7.5), 7 mM MnCl2, 100 mM potassium-monoglutamate,
1 mM DTT, 25 μg/ml actinomycin D, 0.05 mM [α-32P] UTP, 1 μM U10,
200 U/ml RNase inhibitor, and 2 mg/ml poly(A) at the indicated
temperature (29 °C) and for the indicated time (90 min). After
phenol-chloroform extraction and ethanol precipitation, the tran-
scripts were analyzed by 4% PAGE containing 8 M urea, followed by
image analysis with Typhoon Trio plus (GE). For pH sensitivity
analysis, 50 mM of HCl–KCl (pH 2), glycine-HCl (pH 3), MES-NaOH
(pH 4.0 and 5.0), MOPS-NaOH (pH 6.0 and 6.5), 50 mM Tris–HCl (pH
7.0, 7.5, 8.0, 8.5, and 9.0), and CAPS-NaOH (pH 10) were used. For
kinetic analysis, [α-32P] ATP, poly(U), and A10 were used for ATP;
[α-32P] GTP, poly(C), and G10 were used for GTP; and [α-32P] CTP,
poly(I), and C10 were used for CTP. After phenol/chloroform
extraction and ethanol precipitation, RNA transcripts were separated
by 4% polyacrylamide gel electrophoresis (PAGE) containing 8 M urea
in 0.5×TBE (44.5 mM Tris–HCl, 44.5 mM borate, 1 mM EDTA).

In vitro transcription was also performed using the sym/sub
template [26]. 5′-[32P]-sym/sub (1 μM) was mixed with non-labeled
sym/sub (99 μM) and annealed in TE by gradual cooling down for
5 °C/min from 90 °C to 10 °C after denaturation at 90 °C for 1 min. The
annealed sym/sub (2 and 10 pmol)were incubatedwith 100 nM EV71
3Dpol in 50 mM Tris–HCl (pH 7.5), 7 mM MnCl2, 100 mM potassium-
monoglutamate, 1 mM DTT, 25 μg/ml actinomycin D, 0.5 mM ATP,
CTP, GTP, and UTP, 200 U/ml RNase inhibitor. After phenol/chloroform
extraction and ethanol precipitation, the syn/sub transcripts were
separated by 15% PAGE containing 6 M urea in 0.5×TBE.

The incorporated radioisotopes were measured by Typhoon Trio
plus. The mean and standard deviations of the incorporated amounts
of NMP were calculated from three independent experiments.

2.7. Reverse transcriptase assay

One hundred nanomolars of EV71 3Dpol were incubated in 50 mM
Tris–HCl (pH 7.5), 7 mM MnCl2, 100 mM potassium-monoglutamate,
1 mM DTT, 25 μg/ml actinomycin D, 0.05 mM [α-32P] TTP, 1 μg/ml
dT15, 200 U/ml RNase inhibitor, and 20 μg/ml A32. As a control, A32
was reverse transcribed from murine leukemia virus reverse
transcriptase (MuLV RTase) according to the company's instruction.
After phenol/chloroform extraction and ethanol precipitation, the
products were separated by 12% PAGE containing 6 M urea in
0.5×TBE.



213H. Jiang et al. / Biochimica et Biophysica Acta 1809 (2011) 211–219
2.8. RNA filter binding assay

The filter binding assay of EV71 3Dpol and [32P]-EV71 BrCr-TR
genome RNA was performed as previously published [27]. Hepatitis
virus (HCV) JFH1 NS5B RNA polymerase was used as a control [27].
Briefly, [32P]-EV71 BrCr-TR genome RNAwas transcribed in vitro by T7
RNA polymerase (Takara) with [α-32P]UTP (New England Nuclear).
After incubation, un-incorporated [α-32P]UTP was removed by gel
filtration in a Quick Spin G-50 (Roche), and [32P]-EV71 BrCr-TR
genome RNA was purified by phenol/chloroform extraction and
ethanol precipitation. The filter binding assay was conducted using
the method of Oberste and Flanegan [28]. Five picomols of the RdRp
and 5 pmol of [32P]-EV71 BrCr-TR genome RNA were incubated at
30 °C for 30 min in 25 μl of 50 mM Tris–HCl (pH 7.5), 7 mM MnCl2,
100 mM potassium-monoglutamate and 1 mM DTT. After incubation,
the solutions were diluted with 0.5 ml TE and filtered through
nitrocellulose membranes (0.45 μm, Millipore), which were boiled in
TE for 30 min before the experiment. The filter was washed 5 times
with TE and the bound radioisotope was analyzed by Typhoon Trio
plus after being dried.

2.9. RNA crosslink assay

v84 influenza virus model RNA templates [29] was transcribed in
vitro by T7 RNA polymerase with [α-32P]UTP. One picomol of RdRp in
the presence of 1 pmol [32P]-labeled v84 or EV71 BrCr-TR genome
RNA in a 10 μl reaction containing 50 mM Tris–HCl (pH 7.5), 7 mM
MnCl2, 100 mM potassium-monoglutamate and 1 mM DTT was
incubated at 30 °C for 30 min. Reactions were then UV irradiated
(254 nm) for 30 min on ice, and the cross-linked products were
separated by 10% SDS-PAGE after RNase A (0.1 mg/ml) treatment.
Cross-linked proteins were analyzed by Typhoon Trio plus.

2.10. Surface plasmon resonance (SPR) biosensor analysis

Twenty micrograms per mililiter of EV71 3Dpol, hepatitis C virus
(HCV) JFH1 NS5B RdRp [27] and bovine serum albumin (BSA) were
immobilized by amine coupling to the parallel channel of CM5
biosensor chip (GE) in phosphate buffered saline (PBS, pH 7.2),
resulting in surface densities of 2000 to 5000 response units. SPR
measurements were performed with the BIAcore T100 instrument
(GE) equilibrated at 25 °C. Poly(A), poly(U), poly(G), poly(I) and
poly(C) at 0.2 mg/ml PBS were injected for 3 min across the
immobilized proteins at a flow rate of 20 μl/min. Following each
injection, the biosensor chip was regenerated with 5 mM NaOH.
Interactions of RNA templates with both HCV NS5B and EV71 3D
polymerases were monitored in real time and reflected by response
units, which were calculated by subtraction of the BSA reference
channel.

2.11. Chemicals and radioisotopes

Actinomycin D, MES, MOPS, Tris (Trizma), BSA, poly(A), poly(U),
poly(G), poly(I), poly(C), and UpU were obtained from Sigma;
nucleotides were purchased from GE; [α-32P] UTP, [α-32P] ATP,
[α-32P] GTP, [α-32P] CTP, [α-32P] TTP and [γ-32P]ATP were purchased
from New England Nuclear; dinucleotide primers (ApA, GpG and
CpC), oligonucleotide primers (A10, A32, U10, U16, G10, G18, C10,
C27, dT10 and dT15), human placental RNase inhibitor, T4 nucleotide
kinase, MuLV RTase and restriction enzymes were purchased from
Takara; and other oligonucleotides were from Invitrogen.

2.12. Statistical analysis

Statistical data were evaluated by the Student's t test.
3. Results

3.1. Purification of EV71 3Dpol

C-terminal 6xHis-tagged EV71 3D polymerase (3Dpol) of BrCr-TR
strain (BrCr-TR), its polymerase knock-out mutant (D330A) and a
Beijing isolate (BJ) were expressed in bacteria and purified by Ni-NTA
column chromatography, followed by gel-filtration through Super-
dex200 in 20 mM Tris–HCl (pH 8.0), 0.5 MNaCl, 1 mMDTT, and 1 mM
EDTA. Finally, the 44 kDa elution fraction was applied to MonoQ
anion exchange chromatography and eluted at 220 mM NaCl (Figs. 1
and 2A).

3.2. Biochemical analysis of EV71 3Dpol

The purified EV71 3Dpol was gel-filtrated at approximately 44 kDa
from the Superdex200 column in 20 mM Tris–HCl (pH 7.5), 100 mM
NaCl, 1 mMDTT, and 1 mMEDTA, which indicated that the EV71 3Dpol

formed a monomer under these transcription conditions in vitro
(Fig. 2B).

The biochemical characteristics of EV71 BrCr-TR 3Dpol are
presented in Figs. 3 and 4. Optimal in vitro primer-dependent
transcription activity of EV71 BrCr-TR 3Dpol was observed with
50 mM Tris–HCl (pH 7.5), 100 mM potassium-monoglutamate, 7 mM
MnCl2, 1 mM DTT, 50 μM [α-32P]UTP, 2 mg/ml poly(A) RNA template,
0.5 μM U10 primer (or 0.5 mM UpU), 25 μg/ml actinomycin D,
200 U/ml human placental RNase inhibitor, and 100 nM EV71 3Dpol

at 29 °C for 90 min. The EV71 BrCr-TR 3Dpol D330A abolished
polymerase activity (Fig. 3A), indicating that amino acid residues
GDD (at positions 329–331) comprise the polymerase active site.

First, the requirement of either MgCl2 or MnCl2 on polymerase
activity was tested at 0, 1, 2, 3, 4, 4.5, 5, 6, 7, 8, 9, 10, 11, 13, 15, and
20 mM MgCl2 or MnCl2 in 50 mM Tris–HCl (pH 7.5), 100 mM NaCl,
1 mM DTT, 25 μg/ml actinomycin D, 50 μM [α-32P] UTP, 200 U/ml
RNase inhibitor, 100 nM 3Dpol, 2 mg/ml poly(A) RNA, and 0.5 mM
UpU (Fig. 4A). Polymerase activity of EV71 BrCr-TR 3Dpol gradually
increased starting at 1 mM MnCl2, and the maximal activity
(0.154±0.004 pmol UMP/pmol 3Dpol; polymerase activity is
expressed per 1 pmol 3Dpol in the text) was seen at 4.5 mM MnCl2.
The polymerase activity decreased quickly above concentrations of
5 mM MnCl2. EV71 BrCr-TR 3Dpol did not show polymerase activity
withMgCl2. Next, MnCl2 andMgCl2 sensitivity were tested in 100 mM
potassium-monoglutamate buffer, in which the polymerase activity
was 100 times higher than that with NaCl (Fig. 4B). In 100 mM
potassium-monoglutamate buffer, the highest polymerase activity
(14.8±1.6 pmol UMP) was observed at 7 mM MnCl2. The MnCl2
dependency curves in NaCl and potassium-monoglutamate were
different. In potassium-monoglutamate buffer, theMnCl2 dependency
curve stretched from 1 to 15 mM in a symmetrical shape, with 7 mM
as the peak activity. EV71 3Dpol did not show any polymerase activity
with MgCl2 and no polymerase activity with the dT15 primer was
detected under the same conditions (Fig. 4B). Other divalent cations
such as CoCl2, CaCl2, CuCl2, NiCl2, CdCl2, and ZnCl2 were each tested at
7 mM in 100 mM potassium-monoglutamate buffer (Fig. 4C). EV71
3Dpol displayed low polymerase activity (0.094±0.005 pmol UMP)
with CoCl2. EV71 3Dpol did not display any polymerase activity with
the other divalent cations.

The dependency of polymerase activity on monovalent cations
such as NaCl, KCl, sodium, and potassium-monoglutamate was tested
at 0, 50, 100, 150, 200, 250, 300, 400, and 1000 mMwith 7 mMMnCl2
(Fig. 4D). EV71 3Dpol showed higher polymerase activity with K+

rather than Na+. The highest polymerase activity (10.7±0.8 pmol
UMP) was obtained at 100 mM potassium-monoglutamate. In KCl the
highest polymerase activity (4.83±1.0 pmol UMP) was observed at
50 mM. With NaCl, EV71 3Dpol displayed low polymerase activity
(0.619±0.058 pmol UMP), with maximal activity observed at



Fig. 1. Purification of EV71 3Dpol. A: SDS-PAGE for the purification of EV71 BrCr-TR 3Dpol. Ten microliters of each fraction were run on 10% SDS-PAGE and stained with Coomassie
brilliant blue. M: standard size marker (Takara). Pre: pre-induced bacterial lysate. Sup: soluble fraction of the bacterial extract after IPTG induction. FT: flow through fraction of Ni-
NTA. W40: fraction washed from Ni-NTA with 40 mM imidazole. E: fraction eluted from Ni-NTA with 250 mM imidazole. Superdex: elution fraction of Superdex200 after Ni-NTA
column chromatography. MonoQ: elution fraction of MonoQ. B: SDS-PAGE of the purified EV71 BrCr-TR 3Dpol wild type (wt), the polymerase knock-out mutant (D330A) and Beijing
isolate (BJ). M: standard size marker. The position of the molecular standard marker (kDa) is indicated on the left.
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150 mM. For sodium-monoglutamate, the highest activity
(4.13±0.51 pmol UMP) was obtained at 100 mM, but decreased to
0.9±0.21 pmol UMP at 50 mM. At high salt concentrations (more
than 400 mM for sodium and potassium-monoglutamate and NaCl
Fig. 2. Column chromatography of EV71 3Dpol. A: MonoQ anion exchange column chromato
anion exchange chromatography using a continuous NaCl gradient from 50 to 1000 mM, af
EV71 3Dpol was eluted with 220 mM NaCl as indicated on the graph. B: gel-filtration of EV7
transcription buffer (20 mM Tris–HCl (pH 7.5), 100 mM potassium-monoglutamate, 1 mMD
migration positions of Gel Filtration Standard (BioRad) are indicated below the graph.
and more than 150 mM for KCl), EV71 3Dpol did not show polymerase
activity.

Dependency of polymerase activity on pH was tested from pH 2
to 10 with 4.5 mM MnCl2 and 100 mM potassium-monoglutamate
graphy of EV71 3Dpol. EV71 3Dpol expressed in bacteria was finally purified by MonoQ
ter purification on Ni-NTA column chromatography and gel-filtration by Superdex200.
1 3Dpol. The purified EV71 BrCr-TR 3Dpol was applied to Superdex200 in the standard
TT, and 1 mM EDTA). The migration position of EV71 3Dpol is indicated in the figure. The

image of Fig.�2


Fig. 3. In vitro transcription by EV71 3Dpol. A: Representative autoradiograph of EV71 3Dpol in vitro transcription of poly(A) templates. One hundred nanomolars of EV71 BrCr-TR
3Dpol were used in a transcription reaction with 2 mg/ml poly(A) RNA template and 0.5 mM dinucleotide primer UpU under standard transcription conditions (complete). The
transcripts were applied to 4% PAGE containing 8 M urea–poly(A): without template–UpU: without primer. D330A: polymerase knockout mutant polymerase. M: [32P]25 bpmarker
(Promega). The position of the 25 bp marker is indicated on the left. B: In vitro transcription of EV71 BrCr-TR genome. EV71 BrCr-TR genome RNA (2 μg/ml) was transcribed by
100 nM of EV71 3Dpol in 50 mM Tris–HCl (pH 7.5), 7 mM MnCl2, 100 mM potassium-monoglutamate, 1 mM DTT, 25 μg/ml actinomycin D, 0.05 mM [α-32P] UTP, 200 U/ml RNase
inhibitor with or without (-primer) 0.5 μMUpU or U10. RNA products were analyzed by 1.5% agarose gel containing formalin, followed by image analysis by Typhoon Trio plus. The
position of the RL10,000 RNA marker is indicated on the left. D330A: polymerase-knockout mutant polymerase. C: Polymerase activity of the EV71 BrCr-TR strain (BrCr-TR) and
Beijing isolate (BJ) 3Dpol. The mean and standard deviation (error bar) of the polymerase activities were calculated from autoradiograms of three independent experiments.
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(Fig. 4E). Polymerase activity was observed at neutral pH
(10.5±0.14 pmol UMP at pH 7 and 10.8±0.012 pmol UMP at pH
8), and the highest polymerase activity (12.8±0.42 pmol UMP)
Fig. 4. Biochemical characterization of EV71 3Dpol. A: The MnCl2 and MgCl2 dependency o
dependency of BrCr-TR and BJ 3Dpol in 100 mMmonopotassium glutamate (UpU and oligo(d
glutamate, and monopotassium glutamate dependency in 7 mM MnCl2; E: pH effect; F: tem
concentration dependency, and I: time course (see text). The symbols are indicated in each p
deviation were calculated from autoradiograms of three independent experiments.
was observed at pH 7.5. The polymerase activity decreased at pH 6
and pH 8.5. No activity was observed below pH 5.0 or above
pH 8.0.
f the polymerase activity of EV71 BrCr-TR 3Dpol in 100 mM NaCl, B: MnCl2 and MgCl2
T)15 were used as primers); C: divalent cation dependency; D: NaCl, KCl, monosodium
perature effect; G: dinucleotide UpU primer concentration dependency; H: U10 primer
anel. The mean polymerase activity (incorporated NMP pmol/pmol 3Dpol) and standard

image of Fig.�3
image of Fig.�4
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Incubation temperatures were tested at 0, 4, 16, 25, 29, 37, and
42 °C in 50 mM Tris–HCl, pH 7.5, 100 mM potassium-monoglutamate
and 7 mM MnCl2 (Fig. 4F). High polymerase activity was obtained
between 25 (9.08±1.0 pmol UMP) and 29 °C (10.9±0.75 pmol UMP)
with the highest activity seen at 29 °C.

Primer dependency was tested using UpU (Fig. 4G) and the 10 nt U
(U10) primers (Fig. 4H). Only trace amounts of UMP incorporation
were detected without primers (Fig. 3A). Polymerase activity
increased according with the concentration of primers, and plateaued
at 200 μM UpU and 1 μM U10.

Finally, polymerase activity was tested at 29 °C for 5, 10, 15, and
30 min, 1, 1.5, 2, 3, 4, and 6 hr (Fig. 4I). The log phase of UMP-
incorporation extended from 15 min (0.395±0.022 pmol UMP) to
90 min (11.2±0.70 pmol UMP) and then plateaued. Transcripts were
stable up to 6 hr.

3.3. Templates and primers of EV71 3Dpol

Because the 10 nt U primer showed more effective initiation than
UpU (Fig. 4G, H), the priming effects of dinucleotide (ApA, GpG, UpU
and CpC), 10 nt (A10, G10, U10 and C10), A32, U16, G18, C27, dT10
and dT15 were each compared at 0.5 μM using homopolymeric
templates; poly(U), (C), (A), and (I) (Fig. 5). Poly(I) was used because
poly(G) did not have template activity (Fig. S2) [30]. Poly(C) showed
strong template activity with and without primers (10.4–13.4 pmol
GMP). Poly(U) also showed transcription activity without primers,
but the activity was low (0.4±0.09 pmol AMP). Poly(A) or poly(I) did
not show transcription activity without primers. For poly(A) and (I)
templates, priming activity of 10 nt primers was the highest at
6.5±0.48 pmol UMP and 1.36±0.32 pmol CMP, respectively. That of
10 nt primer for poly(C) was 10.4±1.1 pmol GMP. The priming effect
of oligo DNA was also tested because poliovirus 3Dpol was primed
with oligo dT [31]. Oligo dT15 showed stronger priming activity
(25.3±1.64 pmol UMP) than U10. The amount of transcription
increased according to the length of oligo A primers; 0.39±0.09
(without primer), 0.87±0.15 (ApA), 1.3±0.39 (A10) and
1.6±0.42 pmol AMP (A32), respectively. The effect of primer length
was statistically significant (Student's t test: Pb0.05, Fig. 5A).
Fig. 5. Primer dependency of EV71 3Dpol. One hundred nanomolars of EV71 3Dpol wer
monoglutamate, 7 mM MnCl2, 1 mM DTT, 25 μg/ml actinomycin D, 200 U/ml human plac
without 0.5 μMof ApA, A10 and A32 primers (A); 50 μM [α-32P]GTP, 2 mg/ml poly(C) RNA te
ml poly(A) RNA template with or without 0.5 μMof UpU, U10, U16, dT10 and dT15 primers (
C10 and C27 primers (D). The mean polymerase activity (incorporated NMP pmol/pmol 3D
experiments.
Transcription of EV71 genome RNA was tested with or without
UpU or U10 primers (Fig. 3B). There were no differences in product
size and quantity with or without primers. Except for small amounts
of the full-length 7 knt product, 2, 3, 4, 5 and 6 knt products were also
observed. No transcription was observed when D330A was used.

3.4. RNA binding activity of EV71 3Dpol

RNA binding of EV71 3Dpol was not detected either by the filter
bindingmethod (Fig. 6A, S4) or UV-crosslinking experiments (Figs. 6B
and C). In the same condition HCV RdRp and influenza virus RdRp
bound with RNA. Then, we tried to analyze polymerase RNA binding
activity by SPR biosensor analysis with BIAcore (Fig. S5). We used PBS
for the analysis becausewe did not observe RNA binding of EV71 3Dpol

in the standard transcription buffer. In PBS, poly(G) had the highest
affinity for both EV71 and HCV RdRps. However, the response units of
the other four RNAs for EV71 3Dpol were very low.

3.5. Km and Vmax of EV71 3Dpol

The kinetic constants (Km and Vmax) of EV71 BrCr-TR 3Dpol were
measured using homopolymeric templates (2 mg/ml), 10 nt primers
(0.5 μM), and different concentrations of ATP, CTP, GTP and UTP (50,
25, 12.5, 10, 5, 2.5, 2, 1.5, 1, 0.5, 0.25, 0.2, and 0.1 μM) in the optimal
transcription buffer. Lineweaver–Burk plots of each incorporated
substrate were plotted from eachmeasurement (Fig. 7). Kmand Vmax
were calculated from each plot, and the mean and standard deviation
from three independent plots are indicated in Table 1.

3.6. Comparison of the polymerase activity of EV71 clinical isolate

Finally, the polymerase activity of EV71 BJ was examined (Fig. 3C).
The polymerase activities of BrCr-TR and BJ were 8.85±1.6 pmol and
7.02±0.31 pmol UMP, respectively. The polymerase activity of the
both RdRps with the different concentrations of MnCl2 was compared
(Fig. 4B). The MnCl2 dependency curve of both RdRps was similar. Km
and Vmax for UTP of BJ RdRp were also similar to those of BrCr-TR
e incubated at 29 °C for 90 min in 50 mM Tris–HCl (pH 7.5), 100 mM potassium-
ental RNase inhibitor and 50 μM [α-32P]ATP, 2 mg/ml poly(U) RNA template with or
mplate with or without 0.5 μMGpG, G10 and A18 primers (B); 50 μM [α-32P]ATP, 2 mg/
C); and 50 μM [α-32P]CTP, 2 mg/ml poly(I) RNA template with or without 0.5 μMof CpC,
pol) and standard deviation were calculated from autoradiograms of three independent
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Fig. 6. RNA binding assay of EV71 3Dpol. A. The filter binding assay of EV71 3Dpol with or
without 0.5 mM UpU or 0.5 mM UTP and [32P]-EV71 BrCr-TR genome RNA (EV71). HCV
JFH1 NS5B RdRpwas used as a positive control. Themean and standard error (error bar)
of the pixcel numbers were calculated from three independent measurements (Fig. S4).
*pb0.001 (Student's t test). B. UV-crosslink assay of EV71 3Dpol with or without 0.5 mM
UpU or 0.5 mM UTP and [32P]-EV71 BrCr-TR genome RNA (EV71). HCV RdRp was used
as a positive control (HCV). The positions of EV71 3Dpol (53.1 kDa) and HCV RdRp
(65.3 kDa) are indicated. C. UV-crosslink assay of EV71 3Dpol with [32P]-EV71 BrCr-TR
genome RNA (EV71) and [32P]-influenza virus v84 model RNA template (v84).
Influenza virus RdRp was used as a positive control (Flu). The positions of EV71 3Dpol

(53.1 kDa) and influenza virus RdRp PB1 subunit (86.6 kDa) are indicated.
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(Table 1, Fig. 7). These data indicate that the RdRps from two different
strains have similar activities.
4. Discussion

In the last decade EV71 infection has significantly increased in the
Western Pacific Region [23], and particularly in China unusual EV71
epidemic has started since 2008 [17–19]. In order to understand their
replication mechanisms and to develop a control strategy against
EV71 infection, we analyzed the biochemical characteristics of 3Dpol of
BrCr-TR and the Chinese isolate (BJ) isolated from a severely ill patient
in Beijing, 2008.

All polymerases adopt a similar canonical folded structure
resembling a cupped right hand with finger, palm, and thumb
subdomains. The most conserved structural element of the RdRp
subdomain is the catalytic palm subdomain, in which two catalytic
aspartic acid side chains coordinately bind to two divalent metal ions
that are essential for catalysis [32]. The finger and thumb subdomains
are involved in template, primer, and NTP substrate binding. The
conformation of the thumb subdomain is related to the mode of
initiation of the RdRp, i.e., whether initiation is primer dependent or
primer independent (de novo) [33]. When the GDD (residues 329–
331) sequence in motif C was mutated to GAD, EV71 3DpolD330A lost
polymerase activity (Figs. 3A and B), confirming that this sequence is
the polymerase active site (Fig. S7).
All DNA and RNA polymerases require two divalent cations to
catalyze phosphoryl transfer, and Mg2+ is the most commonly
employed cation [34]. Enterovirus 3Dpol such as poliovirus, rhinovirus,
FMDV, and CVA show activity with bothMg2+ andMn2+ [35–37], and
their crystal structures are similar [38]. However, our EV71 3Dpol is an
Mn2+-specific polymerase, and none of the other divalent cations
analyzed so far, including Mg2+, has shown any polymerase activity,
although weak activity was observed with Co2+ (Figs. 4A–C). Chen et
al. detected polymerase activity with EV71 3Dpol purified from
bacteria at 5 mM MgCl2 [21], which is controversial to our finding.
The processing of the N-terminus of 3Dpol by the ubiquitin-specific
carboxy-terminal protease may change the conformation of 3Dpol to
affect the divalent cation dependence of the polymerase. Ni2+

coordinates with 271H, 273H and 282C of EV71 3Dpol [22]. However,
it may not affect the RdRp activity because no RdRp activity was
detected with Ni2+ (Fig. 4C).

Mn2+ cations relax the nucleotide specificity of polymerases
[39,40] as well as their template specificity [41]. Glutamate ions alter
the sensitivity of the enzyme to MnCl2 (Figs. 4A and B). The Mg2+

concentration in cells varies between 14 and 20 mM, and the cation is
distributed almost equally in the nuclear, mitochondrial, and the
cytosolic and endoplasmic reticulum cellular compartments [42]. The
Mn2+ concentration in cells varies from report to report [43,44].
Although Mn2+ also permits polymerases to incorporate incorrect
sugar configurations [39,45], EV71 3Dpol did not show reverse
transcriptase activity with a poly(A) template together with oligo
dT primers (Fig. S3). Mn2+ also relaxes the template specificity of
polymerases [41], and we found that the cation contributed to EV71
genome recombination, together with the low RNA binding activity of
EV71 3Dpol (Fig. 6, S4) [46–49]. RNA binding activity of poliovirus and
FMDV 3Dpol is stronger than that of EV71 3Dpol because poliovirus and
FMDV 3Dpol can be detected by the filter binding method [50,51].
EV71 3Dpol functioned at neutral pH and low salt concentrations
(Fig. 4), as seen with other picornavirus 3Dpol [2,37,50]. Terminal
nucleotidyl transferase activity was not observed with our purified
EV71 3Dpol (Fig. S6) although HRV 3Dpol incorporates TTP [36]. The
explanation for the lack of EV71 3Dpol activity with Mg2+ is not clear
because the RdRp motif primary sequence of 3Dpol from EV71, HRV,
CVA to poliovirus are similar (Fig. S7) and because the divalent ions
were not indicated in its crystallography [22]. Only EV71 3Dpol has
unique 226P and 228S residues in motif A, which is proximal to the
divalent ion interacting residue, 238D (Fig. S7) [32]. However, P226D
and P226D/S228H mutants did not show polymerase activity with
Mg2+ either (data not shown).

Picornavirus 3Dpol are primer-dependent and initiate viral tran-
scription and replication with VPg [33], but purified poliovirus and
HRV-16 3Dpol transcribed in both primer-dependent and independent
manners [31,36]. For EV71 3Dpol, polymerase activity of poly(A) and
poly(C) was at least five times greater than the other homopolymeric
templates (Fig. 5). EV71 3Dpol requires primers for poly(A), poly(U)
and poly(I) templates, but does not require primers for the poly(C)
template as does poliovirus 3Dpol [31]. Although picornavirus 3Dpol

utilize protein primers in infected cells, the ability of these enzymes to
biochemically catalyze de novo RNA synthesis with poly(C) may have
significant implications for viral genome replication. HRV-16 3Dpol

does not use poly(G) or poly(U) templates [36]. The stability of the
primer-template duplex may enhance transcription initiation, and
high concentrations of dinucleotide also promoted efficient transcrip-
tion initiation. The melting temperatures (Tm) of U10, U16, dT15 and
dT10 are 53.5 °C, 61.4 °C, 18.3 °C and 12.2 °C, respectively (MELTING
4.2) [52], and dT15 showed the highest transcription activity for poly
(A) at 29 °C (Fig. 5C). Under the optimal in vitro transcription
conditions, EV71 3Dpol transcribed EV71 genome RNA with several
subgenomic-sized products (Fig. 3B). The effect of primers on
genome-size transcription was not observed, indicating de novo
initiation or hairpin initiation.
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Fig. 7. Lineweaver–Burk plots of EV71 3Dpol. For kinetic analysis, 100 nM of EV 71 BrCr-TR 3Dpol was incubated for 1 hr using homopolymeric templates (2 mg/ml), 10-nucleotide
primers (0.5 μM), and different concentrations of [α-32P]ATP, [α-32P]GTP, [α-32P]UTP and [α-32P]CTP. That of Beijing 3Dpol was also indicated (broken line). Lineweaver–Burk plots
were derived from three independent experiments.

Table 1
Km and Vmax of EV71 3D polymerase.

ATP CTP GTP UTP

Km (μM) 2.35±0.05 5.40±0.93 1.12±0.10 2.81±0.31
Km of BJ (μM) nd⁎ nd nd 3.46±0.37
Vmax (/min) 0.00078±0.00005 0.011±0.0017 0.050±0.0043 0.0027±0.0005
Vmax of BJ (/min) nd nd nd 0.0025±0.0003

⁎ Not done.
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EV71 3Dpol did not show terminal nucleotidyl transferase activity
because random elongation from primers nor templates were not
observed (Fig. S2, S6) although in another study poliovirus 3Dpol

showed this activity [53]. EV71 3Dpol formed monomers under the
transcription conditions of this study (Fig. 3) although poliovirus
3Dpol formed oligomers [51,54,55].

The kinetic constants (Km and Vmax) of EV71 3Dpol were
calculated from classical Lineweaver–Burk plots (Fig. 7, Table 1).
The Kmvalue for the EV71 3Dpol is smaller than the Kmvalues for both
the influenza A virus RdRp [56] and poliovirus 3Dpol [57], but similar
to the Km value for the RdRps from both HCV JFH1 [27] and HRV-16
[36]. The Vmax values for the EV71 3Dpol are similar to those of FMDV
and HRV-16 3Dpol [36,50], and much smaller than those of poliovirus
3Dpol (4.4/min for UTP and 16.8/min for GTP in primer-dependent
transcription and 3.4/min for GTP in de novo transcription) [31]. The
small Km for GTP agreed with the finding of crystallography [22]. The
large Vmax of EV71 3Dpol for GTP indicates the potential for treatment
of EV71 infection with the antiviral drug ribavirin although it is not
efficient because of the small Km for GTP [58]. According to its Km and
Vmax CTP analogues can be tested for EV71 inhibition.
Theweak RNA template binding of EV71 3Dpol may affect the Vmax
obtained with our in vitro transcription system. The viral protein 3AB
has been shown to enhance the RNA binding of poliovirus 3Dpol and
leads to enhanced transcription [59]. Other EV71 proteins may affect
the RNA template binding affinity of 3Dpol, and the RNA polymeriza-
tion rate of the EV71 replication complex in infected cells may be
faster than these values that we acquired in vitro.

The 3Dpol of the different genotype, which was isolated from the
severely ill patient, showed similar polymerase activity (Table 1,
Figs. 3C and 4B), indicating that 3Dpol is a good target for the control of
EV71 infection, but not a determinant of the pathogenicity of the
recent Chinese epidemic strains.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.bbagrm.2011.01.001.
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