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Abstract

Human rhinoviruses (HRV) represent the single most important causative agent of the common cold. The HRV
genome encodes an RNA-dependent RNA polymerase (RdRp) designated 3D polymerase that is required for
replication of the HRV RNA genome. We have expressed and purified recombinant HRV-16 3D polymerase to near
homogeneity from Escherichia coli transformed with an expression plasmid containing the full-length 460 amino acid
HRV-16 3D sequence with a methionine at the N-terminus and a glycine—serine linker followed by a 6-histidine affinity
tag at the C-terminus. The purified recombinant protein has rifampicin-resistant activity in a poly(A)-dependent
poly(U) polymerase assay while corresponding fractions similarly purified from E. coli transformed with an expression
plasmid without the HRV-16 3D sequence showed no activity. The optimal conditions for temperature, pH, divalent
cations Mg?>* and Mn?*, and KCI were determined. The recombinant protein has RNA polymerase activity on
homopolymeric templates poly(A) and poly(C) and heteropolymeric RNA templates primed with either RNA or DNA
oligonucleotide primers or self-primed by a copy-back mechanism. A unique, secondary structureless heteropolymeric
RNA template that is an efficient substrate was developed to facilitate kinetic characterizations of the enzyme. In the
presence of Mg?™*, the enzyme displayed strong base and sugar specificity. However, when Mg?* was replaced by
Mn> " specificity for ribonucleotides was lost, utilization of deoxynucleotides became possible and primer-independent
activity was observed on the poly(C) template. Zn>* was found to inhibit HRV-16 3D polymerase with an ICs, as low
as 0.6 M by a mechanism distinct from the magnesium ion stimulation. The activity of this 6His-tagged HRV-16 3D
polymerase was compared with that of a recombinant HRV-16 3D polymerase expressed without the 6His-tag and was
found to be identical. The availability of recombinant rhinovirus RdRp in a purified form will facilitate the structure—
function analysis of this enzyme as well as the identification of specific inhibitors to the rhinovirus 3D polymerase that
have therapeutic value in the treatment of the common cold. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

, Human rhinovirus (HRV) is the major etiologic
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constitute the largest genus of the picornavirus
family of non-enveloped positive strand RNA
viruses. This family also includes the enteroviruses
of which poliovirus is the best characterized
member (Palmenberg, 1990; Richards and Ehren-
feld, 1990; Porter, 1993). Rhinovirus and polio-
virus are very similar in genome organization,
polyprotein structure and processing, and viral
protein function (Racaniello and Baltimore, 1981;
Stanway et al., 1984). Over 100 distinct serotypes
of rhinoviruses have been identified. Ninety per-
cent of these serotypes utilize ICAM-1 as a
receptor for infecting HeLa cells and are thus
referred to as the ‘major’ receptor group (Tomas-
sini and Colonno, 1986; Greve et al., 1989). All the
remaining rhinovirus serotypes, with one excep-
tion, utilize the LDL receptor (Hofer et al., 1994)
and are referred to as the ‘minor’ receptor group.
To date, the complete genome sequence of only
five HRV serotypes (serotypes 14, 16 and 89 from
the ‘major’ group and serotypes 1B and 2 from the
‘minor’ group) has been determined (Stanway et
al., 1984; Skern et al., 1985; Duechler et al., 1987;
Hughes et al., 1988; Lee et al., 1994).

Due to the numerous antigenic types of HRVs,
vaccine development has been hampered as a
viable approach for the prevention of rhinoviral
infections. Instead, non-structural proteins that
are both necessary for viral replication and highly
conserved within the picornarviridae family, such
as the 3C protease, have become attractive targets
for antiviral development (Patick and Potts, 1998;
Wang, 1999). Among these targets is the rhinoviral
3D polymerase encoded at the C-terminal portion
of the polyprotein (Gwaltney and Rueckert, 1997).
To date, poliovirus 3D polymerase remains the
most extensively characterized picornaviral poly-
merase, both as purified preparations from polio-
virus infected HeLa cells (Van Dyke and
Flanegan, 1980; Young et al., 1985; Andrews et
al., 1985; Lubinski et al., 1987) and as purified
recombinant proteins expressed in Escherichia coli
and insect cells (Morrow et al., 1987; Richards et
al., 1987; Rothstein et al., 1988; Plotch et al., 1989;
Neufeld et al., 1991a,b; Gohara et al., 1999). The
poliovirus 3D polymerase is an RNA-dependent

RNA polymerase (RdRp) (Kuhn and Wimmer,
1987; Semler et al., 1988; Richards and Ehrenfeld,
1990). As this class of polymerases is unique to
RNA viruses and has no host counterpart, the
viral RdRp represents a very attractive target for
antiviral design. Comparison of the amino acid
sequences identified several motifs in poliovirus
3D polymerase that are conserved among other
RdRps (Poch et al., 1989; Koonin, 1991; Bruenn,
1991), suggesting shared catalytic functions. More
recently, the crystal structure of poliovirus 3D
polymerase has been determined as a first example
of a structure of a RdRp (Hansen et al., 1997).
With greater than 50% identity at the amino acid
level to the poliovirus 3D polymerase, the rhino-
virus 3D polymerase is expected to have very
similar properties. Although a rhinoviral polymer-
ase activity has been purified from rhinovirus 2
infected HeLa cells 16 years ago (Morrow et al.,
1985), characterization of a recombinant 3D
polymerase from HRV-2, a member of the minor
receptor group has only been reported recently
(Gerber et al., 2001).

In this study, we report the purification and
biochemical characterization of mature rhinovirus
3D polymerase from serotype 16 (Genbank acces-
sion # NC_001752) as a 6His-tagged protein
expressed in E. coli. Of the two best characterized
serotypes of the ‘major’ receptor group, HRV-14
and HRV-16, we have chosen to study the 3D
polymerase from HRV-16 because amino acid
sequence comparison indicates that HRV-16 has
significantly higher homology than HRV-14 to the
other HRV of both receptor groups whose full
genome sequence is known and is, therefore, a
better overall representative of HRV (Lee et al.,
1994). Moreover, the crystal structure of HRV-16
virion has been determined (Oliveira et al., 1993),
the virus causes measurable cytopathic effects in
tissue culture with a 20-fold lower TCIDs, than
HRV-14 (Couch, 1990), and causes cold symptoms
following experimental infection of susceptible
human volunteers (Bush et al., 1978; Lemanske
et al., 1989; Calhoun et al., 1991). Thus, HRV-16
is a strain that has been highly characterized at the
molecular, cellular and clinical levels.
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2. Materials and methods
2.1. Construction of recombinant plasmids

HRV-16 viral RNA was extracted from 100 pl
of HRV-16 (ATCC #VR-283) containing tissue
culture medium from infected HeLa cells obtained
from ATCC using the QIAamp Viral RNA
Kit (QIAGEN, Valencia, CA). cDNA was gener-
ated using the Advantage® RT-PCR Kit (Clone-
tech, Palo Alto, CA). The coding region of HRV-
16 3D polymerase was PCR-amplified using
two primers containing HRV-16 sequence and
cloning  sites, Xhol/NdeI/HRV  5primer:
5SGACTATCTCGAGCATATGGGCCAAATT
CAAATCT3 and HRV/GS/6His/Kpnl 3'primer:
S’ATAGTCGGTACCTCAATGGTGATGGTG
ATGGTGAGAACCGAATTTTTCATACCATT
CATGTCT3’. The amplified product encodes an
additional initiator methionine at the N-terminus
of the 3D polymerase (Gly'®** in polyprotein) and
a 6His affinity tag preceded by a glycine—serine
linker at the C-terminus (Phe*'** in polyprotein).
The PCR product was digested with Ndel and
Kpnl and subcloned directly into the expression
vector pRSETB (InVitrogen, Carlsbad, CA) to
give pHRV16-3D6His. The sequence of the clone
was confirmed by dideoxy sequencing to be
identical to the published HRV-16 3D sequence
(Lee et al., 1994). For construction of the native
HRV-16 3D polymerase, the GS-6His sequence
from pHRV16-3D6His was deleted by replacing
the 344 bp C-terminal fragment between the Pstl
site in the polymerase coding region and the Kpnl
site in the vector with the corresponding 320 bp
fragment obtained by PCR amplification using a
3’primer without the GS-6His sequence. Sequence
of the new construct, pHRV16-3D was confirmed
by dideoxy sequencing.

2.2. Expression and purification of HRV-16 RNA
polymerase

E. coli, BL21(DE3) pLysS (Stratagene, La Jolla,
CA) was transformed with pHRV16-3D6His for
protein expression. The culture was grown at
37 °C to an OD of 0.8—1.0 and expression was
induced overnight at 25 °C with the addition of

0.4 mM IPTG. Cells were harvested by centrifuga-
tion and the pellet was stored frozen at —80 °C.
Five grams of cell pellet were resuspended in 30 ml
of lysis buffer (50 mM Na Phosphate pH 7.5, 300
mM NaCl, 10% glycerol, 4 mM B-mercaptoetha-
nol, 10 pg/ml DNAse I, 20 pg/ml RNase A, 500 pg/
ml lysozyme) and sonicated on ice for 1.5 min. The
lysate was mixed for an hour at 4 °C to facilitate
extraction of proteins. The lysate was centrifuged
at 43000 x g for 1 hin a Sorvall SS-34 rotor. The
supernatant was collected and adjusted to 20 mM
imidazole by adding an equal volume of adjust-
ment buffer (75 mM Na Phosphate pH 7.5, 300
mM NaCl, 10% glycerol, 40 mM imidazole) before
chromatography on a Ni-NTA column (QIA-
GEN). Proteins were eluted with an imidazole
gradient of slope =3.2 mM/ml in column buffer
(50 mM NaPhosphate pH 7.5, 300 mM NacCl, 10%
glycerol, 20 mM imidazole) from 20 to 500 mM
imidazole. Eluted fractions were analyzed on 10%
SDS polyacrylamide gels and the protein bands
were stained with the NOVEX Colloidal Blue
Staining Kit (InVitrogen). To remove the imida-
zole, the pooled fractions containing the HRV-16
3D6His protein were dialyzed twice against 1000
ml of dialysis buffer (50 mM NaPhosphate pH 7.5,
150 mM NaCl, 10% glycerol), once against 250 ml
of the same buffer containing 50% glycerol at
4 °C, aliquoted and stored at —80 °C. The
protein concentration was determined using the
Micro BCA Protein Assay Reagent (Pierce, Rock-
ford, IL).

2.3. Enzymatic assays

The poly(A)-dependent, oligo(U)-primed poly-
merase assay was performed as previously de-
scribed (Neufeld et al., 1991a) with the following
modifications. The reaction was incubated at
30 °C for 30 min in a final volume of 30 ul in
the optimized buffer (50 mM Tris-HCI pH 7.0, 1.5
mM MgCl,, 10 mM KCIl, 4 mM DTT and 20
Units of RNAsin). Unless otherwise specified, the
reaction contained 20 nM purified HRV-16 3D, 16
ng/pl of poly(A) and 160 nM oligo(U);s, 10 pnCi of
[0-**P]-UTP (NEN, ~ 3000 Ci/mmol) and 11 pM
UTP. Primer and template were pre-annealed by
incubation at 95 °C for 5 min followed by 37 °C
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for 5 min before addition to the reaction. Incor-
poration of [0-**P]-UMP into RNA was deter-
mined by spotting 9 pl of the reaction on
Whatman 3 MM filter disk (catalog #1030025).
The filter was then washed three times in a
solution containing 5% trichloroacetic acid
(TCA) and 20 mM sodium pyrophosphate and
once in 95% ethanol. The air-dried filter was
counted in scintillation fluid.

When a biotinylated DNA primer was used, the
reaction was terminated by adding 9 pl of the
reaction to 45 ul of 17 mM EDTA in PBS (150
mM NaCl, 1.5 mM NaH,POy,, 8.5 mM K,HPO,)
in a well of a Streptavidin FlashPlate®Plus (NEN,
Boston, MA). The incorporated label was cap-
tured through the biotin—streptavidin interaction
and quantified by using a TopCount.NXT™
(Packard Instrument, Meriden, CT). When hetero-
polymeric templates were used, the reaction con-
tained 8 ng/pul of RNA template with or without
160 nM biotinlylated DNA primers, 10 pCi of a
single  [0->*P]-labeled  NTP  ([o->*P]JATP,
[0-**P]JUTP, [¢->*P]GTP, or [0-**P]JCTP) and 500
UM each of the remaining three NTPs. The labeled
nucleotide was used at a concentration equal to the
Michaelis constant (K;,) of the nucleotide (see
Table 3).

2.4. Heteropolymeric hairpin template

A self-priming heteropolymeric hairpin RNA
was cloned into the pGEM-3Zf(+) vector and
transcribed using the RiboMAX™ large scale
RNA production system-T7 (Promega, Madison,
WI). The hairpin RNA was an RNA of 309
nucleotides starting with the vector sequence
(5’GGGCG3’) followed by 248 nucleotides of
HBV sequence (nucleotides 1408—1655 of
HBV genome, Genbank accession # X02763)
with a 23 bp stem-loop structure (5
AGCTTGCATGCCTGCAGGTCGACAAAAT
CTAGAGTCGACCTGCAGGCATGCAAGCT
3") engineered at the 3’end of the RNA.

2.5. Contruction of a secondary structureless
heteropolymeric RNA template

A 244 nucleotide secondary structureless hetero-
polymeric RNA (sshRNA) of the following se-
quence: (TCAG),(TCCAAG)4(TCAG),, was
assembled by PCR using DNA oligonucleotides
containing those repetitive sequences as templates.
The assembled PCR product containing those 244
nucleotides was cloned into the pGEM-3Zf(+)
vector (Promega) under the control of the T7
polymerase promoter. Dideoxy sequencing con-
firmed the sequence of the sshRNA insert in the
clone selected for in vitro transcription. The
sshRNA transcripts were synthesized using the
RiboMAX™ Jarge scale RNA production sys-
tem-T7 (Promega). The sequence of the sshRNA
was verified to be devoid of secondary structures
by the RNA-folding algorithm, RNAstructure 3.5
developed by Mathews et al. (1999). In the
polymerase assay using the sshRNA, an equimolar
mixture of four primers whose sequences are
shown as follows was used:

C1 primer ¥AGTCAGTCAGTCAGTGT-bio-
211 i);imer 3 GTCAGTCAGTCAGTCTC-bio-
tcl}r; Sp’rimer 3TCAGTCAGTCAGTCA CA-bio-
. f)fimer 3CAGTCAGTCAGTCAGAG-bio-
tin 5.

Each primer, when annealed to the sshRNA will
allow RNA synthesis to start with a different base
to allow unbiased incorporation of all four nucleo-
tides.

2.6. Gel analysis of polymerase reaction products

Polymerase assays were run for 1 h. The
reaction was stopped by the addition of an equal
volume of 2X Proteinase K buffer (300 mM NacCl,
100 mM Tris—HCI, pH 7.5 and 1% SDS) and 50
pg proteinase K. Proteinase digestion was done at
37 °C for 30 min in the presence of 20 pg yeast
tRNA carrier. The RNA was extracted once with
phenol/chloroform and precipitated with equal
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volume of isopropanol. The RNA pellet was
resuspended in formamide loading buffer and
separated by electrophoresis on either a 5% or a
13.5% denaturing (8 M urea) polyarylamide gel.
Gels were run at 0.03 W/cm? for 1.5 h and dried
before autoradiography.

3. Results

3.1. Expression of rhinovirus 3D polymerase in E.
coli

To conduct biochemical characterization of
rhinovirus RdRp, the 3D polymerase-encoding
cDNA from HRV-16 was PCR amplified and
cloned under the control of a T7 RNA polymerase
promoter. Overnight induction of the E. coli
harboring pHRV16-3D6His at 25 °C resulted in
high-level expression of a 54 kDa protein in the
soluble fraction of the bacterial lysate (Fig. 1A,
lane 3). This 54 kDa protein was absent in the
corresponding fraction obtained from the E. coli
transformed with the expression vector alone (Fig.
1A, lane 2). This 54 kDa protein was purified from
the soluble fraction of the lysate from a 2000 ml

A 23 B [ ,345678 910mn
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4o 48 y
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35— 28 — M -
§ 3¢ 3 g E § 5264 77 89 102 115 127
2 8 '; 2 Fractions (mM imidazole)
o

Fig. 1. Expression and purification of HRV16 3D polymerase.
(A) Western blot probed with anti-6His antibody of soluble cell
extract from E. coli transformed with the empty vector (lane 2),
and from E. coli transformed with pHRV16-3D6His (lane 3).
Lane 1 contains prestained M.W. markers. (B) Purification
steps and imidazole elution profile of HRV16 3D expressed in
E. coli. The various fractions were run on a 10% SDS
polyacrylamide gel and stained with the NOVEX Colloidal
Blue. The imidazole concentration at which each fraction was
eluted is indicated on the figure. The visible band intensity
difference in lane 6 is probably due to a loading artifact.

culture (i.e. ~ 10 g of cell pellet) using a single Ni-
NTA column. The majority of the 54 kDa protein
bound to the Ni-NTA resin as it disappeared from
the flow-through fraction (Fig. 1B, lane 2). After
washing the column extensively with column
buffer, the 54 kDa protein peak eluted from the
column at a concentration of imidazole between 58
and 134 mM (Fig. 1B, lanes 5—11). The fractions
(58—134 mM imidazole) containing the 54 kDa
band were pooled, dialyzed and used for polymer-
ase activity assays. The purified protein had an
estimated purity of > 95% based on silver-stained
SDS-PAGE and the yield was ~ 61 mg/l of E. coli
culture.

3.2. RNA synthesis by 6 His-tagged HRV-16 3D
polymerase

The activity of HRV-16 3D-6His polymerase
was first examined by the incorporation of
[0-**PJUMP using poly(A) and oligo(U);s as the
template—primer pair. Incorporation of radioac-
tivity was linearly dependent on the amount of
enzyme (Fig. 2A). This RNA polymerase activity
was not attributable to a co-purifying impurity
since no radioactive incorporation was detected
using the corresponding pooled fractions from a
similar purification of the lysate of E. coli trans-
formed by the vector alone (Fig. 2A). The activity
of HRV-16 3D-6His polymerase was resistant to
20 pg/ml rifampicin, an inhibitor of E. coli DNA-
dependent RNA polymerase (Chamberlin et al.,
1983), while purified E. coli DNA-dependent
RNA polymerase (Amersham Pharmacia Biotech,
Piscataway, NJ) was almost completely inhibited
by 20 pg/ml rifampicin irrespective of the reaction
buffer used, providing further evidence that the
observed activity is associated with the recombi-
nant viral enzyme (Fig. 2B). The incorporation of
labeled UMP was linear over 30 min (data not
shown).

3.3. HRV-16 3D polymerase activity on
homopolymeric templates

The recombinant HRV-16 polymerase was
further tested for its ability to utilize different
homopolymeric RNAs as templates and for the
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Fig. 2. (A) Linear dependence of the rate of nucleotide
incorporation on the concentration of HRV16 3D polymerase.
For the purified recombinant 3D6His polymerase, 10.75 nl of
extract correspond to a final enzyme concentration of 60 nM in
the reaction. Sampling of the desired amount of extract was
achieved by serial dilution. (B) Resistance of HRV16 3D
polymerase to rifampicin. Both 3D6His and native 3D were
used at a final concentration of 5.3 pg/ul in the optimized HRV
3D buffer. E. coli polymerase was tested at a final concentra-
tion of 13 ng/pl in either the optimized HRV 3D buffer or in the
E. coli polymerase buffer (40 mM Tris-HCI pH 7.5, 150 mM
KCl, 10 mM MgCl,, 0.01% Triton X-100). Rifampicin was used
at a final concentration of 20 pg/ml.

efficiency of oligoRNA and oligoDNA to serve as
primers. The incorporation of **P-ribonucleotides
into TCA-precipitable products was determined
either in the presence of 1.5 mM Mg or Mn>*
(Table 1).

In the presence of Mg” ™, significant activity was
observed when poly(A) or poly(C) was used as
templates and the activity was template and
primer-dependent. In contrast, poly(G) and
poly(U) templates were not efficient substrates.
Biotinylated oligoDNA primers appeared to work
slightly more efficiently than oligoRNA primers.
The ability of the recombinant HRV-16 polymer-
ase to utilize biotinylated DNA primers allowed
the reactions to be performed in NEN Flash Plates
for subsequent analyses.

In the presence of Mn>", the overall activity of
all reactions was stimulated by 2.5-5.6-fold with
the same template and primer specificity. How-
ever, RNA synthesis using poly(C) as template
became primer-independent, suggesting de novo
initiation of template-directed RNA synthesis or
terminal transferase activity (Table 1). This pri-
mer-independent activity is clearly distinct from
the activity seen with poly(C) in primed syntheses,
where the Mn? " stimulation relative to Mg? " was
only 2.7-4.3-fold.

3.4. Optimization of the HRV-16 polymerase
reaction conditions

The reaction conditions for the HRV-16 3D-
6His polymerase were optimized using poly(A) as
the template and biotinylated oligo(dU),s as the
primer in NEN Flash Plates (Fig. 3). The incuba-
tion temperature was varied between 12 and
37 °C, and the optimum temperature was ap-
proximately 30 °C (Fig. 3A). At temperatures
between 32 and 37 °C, there was a dramatic
decrease in activity.

Using the optimum temperature of 30 °C, the
pH dependence of RdRp activity displayed a bell-
shaped curve with a pH optimum of 7.3 (Fig. 3B).

Divalent metal ions were absolutely required for
activity and the optimum concentration for Mg> "
was 1 mM (Fig. 3C). Mn>" was able to substitute
for Mg® " while stimulating the activity by ~ 2.5-
fold at the optimum concentration of 1 mM (Fig.



M. Hung et al. | Antiviral Research 56 (2002) 99-114 105

Table 1
HRV-16 3D polymerase activity on homopolymeric templates

Template Primer® Incorporation® (10° cpm/h)
Mg2+ Mn2+ (Mn2+/Mg2+)
Poly(A) No primer 3 5
(U);s 2393 5981 (2.5)
Biotin-(dC),(dT);s 4307 13060 (3.0
Poly(C) No primer 3 10108 (3300)
(G);5 271 1188 (4.3)
Biotin-(dA),(dG);5 1839 5026 2.7)
Poly(G) No primer 3 7
(C)s 2 10 (5.0)
Biotin-(dT),(dC);5 2 5 (2.5)
Poly(U) No primer 2 3
(A)ss 5 28 (5.6)
Biotin-(dG),(dA);s 4 14 (3.5)

% Each reaction contains 4.8 pmol of primer annealed to 0.48 pg of template.
® Radioactive incorporation was quantitated by TCA precipitation of 9 pl of reaction on Whatman 3 mm paper discs. Mg>* and

Mn>* were each used at 1.5 mM.

3C). However, the polymerase activity dropped
sharply at 3 mM Mn>". At low concentrations
(<10 mM), the monovalent cation K exhibited
a modest stimulatory effect but became inhibitory
at higher concentrations with optimum activity
observed at 10 mM (Fig. 3D).

3.5. Substrate specificity of HRV-16 3D
polymerase

We studied the substrate specificity of HRV-16
3D polymerase in the presence of either 1.5 mM
Mg>" or Mn>" by testing the ability of the
enzyme to incorporate different nucleotides into
nucleic acid products. Using the poly(A)/oli-
go(dT);s template—primer pair, we measured
radioactive incorporation of [o-**P]-labeled GTP,
ATP, CTP, UTP and dTTP. As shown in Table 2,
HRV-16 polymerase misincorporates non-comple-
mentary ribonucleotides with very low efficiency.
This base specificity was not sensitive to substitu-
tion of Mg>* by Mn’*. In the presence of Mg ™",
the enzyme could not polymerize dTMP, suggest-
ing that the enzyme was devoid of significant
reverse transcriptase activity. However, when
[0-**P]-labeled dTTP was mixed with unlabeled
UTP at a molar ratio of 1:100, there was a low
level of misincorporation of labeled dTMP into the

RNA, suggesting that an occasional deoxyribose
may be tolerated if the enzyme is not compelled to
incorporate more than one dTMPs in a row. When
Mg>" was replaced by Mn”", sugar specificity
was compromised, reverse transcriptase activity
was stimulated by 800-fold and misincorporation
of dTMP during active RNA polymerization was
increased by 1200-fold.

3.6. HRV-16 3D polymerase activity on
heteropolymeric templates

An ideal RNA template for high throughput
screening using the RNA polymerase assay should
(1) allow for unbiased incorporation of all four
NTPs; (2) contain repetitive sequences to allow
multiple priming, as occurs with homopolymeric
templates, in order to maximize the signal; and (3)
be devoid of any secondary structure that could
contribute to preferential self-priming and copy-
back which competes with priming by biotinylated
primers necessary for signal detection using the
Flash Plate method. To meet these criteria, a
secondary structureless heteropolymeric RNA
(sshRNA) template was designed (see materials
and methods) and compared with the homopoly-
meric templates poly(A) and poly(C), and the self-
priming heteropolymeric hairpin RNA template
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Fig. 3. Optimization of the reaction conditions for HRV16 3D polymerase. (A) pH optimization. (B) Temperature optimization. (C)

Divalent cation optimization. (D) KCI optimization.

using the same labeling conditions. The homo-
polymeric templates, poly(A) and poly(C) directed
divergent levels of incorporation of UTP and GTP
into TCA precipitable material (Fig. 4A). In
contrast, the sshRNA template and the self-primed
heteropolymeric hairpin RNA template directed
incorporation of UTP and GTP at comparable
rates (Fig. 4A). Among the heteropolymeric RNA
templates, sshRNA was a more efficient substrate
by 3—4-fold than the hairpin RNA (Fig. 4A).
However, when sequence specific biotinylated

primers were used on hairpin RNA, and the signal
captured on the Flash Plate, the signal for hairpin
RNA became dramatically lower than the signal
for sshRNA (Fig. 4B), suggesting that oligonu-
cleotide priming in trans is much less efficient than
self-priming on the hairpin RNA templates.

To further characterize the activity of HRV-16
3D polymerase, the reaction products of sshRNA
and hairpin RNA templates were analyzed by gel
electrophoresis (Fig. 4C). When sshRNA template
was used, RNA molecules over a range of sizes
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Table 2
Substrate specificity of HRV16 3D polymerase*

Labeled NTP (0.11 pM)*

Unlabeled NTP (11 pM)*

Incorporation® (10° cpm/h)

Mg2+ Mn2+ (Mn2+/Mg2+)
[2-**P]-GTP GTP 1.0 0.9 1)
[0->*P]-ATP ATP 0.1 0.1 (1)
[¢-**P]-CTP CTP 0.2 2.7 (14)
[0->*P]-UTP UTP 3697 9075 (2.5)
[0-*P]-dTTP dTTP 0.2 169 (845)
[0->*P]-dTTP UTP 0.9 1138 (1264)

*  Each reaction contains 4.8 pmol of biotinylated (dC),(dT),s primer annealed to 0.48 pg of Poly(A) template.
# The final concentrations of labeled and unlabeled nucleotides in the reaction are indicated.
® Radioactive incorporation was quantitated by streptavidin capture on NEN Flash Plates. Mg?>* and Mn?* were each used at 1.5

mM.

were synthesized by the recombinant enzyme as a
result of multiple priming sites (Fig. 4C, lane 2).
The longest product had a size similar to that of
the input template (Fig. 4C, lane 1). The enzyme
could also use the hairpin RNA templates to form
a dimer-sized product as a result of self-priming
(Fig. 4C, lanes 4). This dimer-sized product can
form a long hairpin by intra-molecular base
pairing and is thus very difficult to denature and
will behave as a rod with a higher mobility than
the monomer even in a denaturing gel electro-
phoresis (Behrens et al., 1996). For the hairpin
RNA, a fraction of the dimer-sized product may
be partially denatured and migrates as a smear at
the top of the gel (Fig. 4C, lane 4).

3.7. Kinetic analysis of HRV-16 3D polymerase

To determine the K, and kg for UTP and
GTP, poly(A)/biotin(dC),(dT),5s and poly(C)/bio-
tin(dA),(dG);s template—primer pairs were used.
Since HRV-16 3D could not utilize poly(G) and
poly(U) as templates, determination of the K
values for ATP and CTP on homopolymeric
templates was not feasible. However, using the
heteropolymeric template sshRNA, the K, and
keat values for all four ribonucleotide tripho-
sphates could be determined using varying con-
centrations of a single radiolabeled nucleotide and
saturating concentrations of the other three non-
labeled NTPs. The kinetic parameters obtained
with both homopolymeric and sshRNA templates

are summarized in Table 3. Using sshRNA as the
template, UTP, GTP and ATP were incorporated
with similar catalytic efficiencies. However, CTP
was the most efficient substrate by a factor of 5—
23-fold mainly due to a lower K, relative to the
other nucleotides. Using homopolymeric templates
increased the catalytic efficiency of UTP and GTP
incorporation mainly due to an increase in k.

3.8. Inhibition of HRV-16 3D polymerase activity

In order to validate our 3D polymerase assay
for the screening of inhibitors, we performed
competition studies with increasing concentrations
of one unlabeled NTP, dNTP or ddNTP, a fixed
concentration of the corresponding limiting radi-
olabeled NTP and saturating concentrations of the
three nonlabeled NTPs (Fig. 5). The ICs, values
obtained for the unlabeled NTPs were consistent
with their respective Michaelis constants (K,), but
the ICsq values for ANTPs and ddANTPs were 25—
200-fold higher than those of the corresponding
NTPs, further confirming that the recombinant
3D polymerase has a specificity for ribonucleotides
over deoxyribonucleotides. We also tested the
effects of gliotoxin, a non-nucleoside compound
previously reported to inhibit viral RNA poly-
merases (Rodriguez and Carrasco, 1992; Ferrari et
al., 1999). Gliotoxin inhibited HRV-16 3D poly-
merase with an ICsy of ~ 150 pM (data not
shown).
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3.9. Inhibitory effect of Zn’ " ions

Because several previous studies reported the
inclusion of 60 pM ZnCl, in the reaction buffers

A

500 T———— —

40.0
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20.0
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10.0

0.0

20.0 —

15.0

10.0
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0.0 -

— —— —I-blrmeNA

— Hairpin RNA
dimersized

for poliovirus 3D polymerase (Plotch et al., 1989;
Neufeld et al., 1991a; Gohara et al., 1999; Arnold
and Cameron, 1999), we investigated the effect of
Zn?>" on the activity of HRV-16 3D polymerase.
Surprisingly, Zn>" was inhibitory at 60 uM when
tested in our standard HRV-16 3D assay buffer
using PolyA/T as template. In Table 4, we have
reported the ICsy values of Zn>" tested against
either PolyA/T and sshRNA templates. In the
absence of DTT, Zn>" has an ICs, of 0.6—1.7 pM
when PolyA/T was used as template. With
sshRNA, Zn?* is ~ 7-fold less inhibitory. Pre-
sence or absence of 10 mM KCI did not signifi-
cantly alter Zn>" inhibition but presence of 4 mM
DTT dramatically decreased the inhibitory activity
of Zn*" by 25-100-fold. This suppression of
Zn>" inhibitory activity by DTT is consistent
with the ability of DTT to form very stable
polymeric and monomeric coordination complexes
with various metal ions using both of its sulfur
donors (Kr zel et al., 2001).

4. Discussion

We have cloned the cDNA encoding the puta-
tive RdRp of HRV-16 and shown that the
expressed protein is enzymatically active. HRV-
16 3D polymerase is normally expressed as part of

Fig. 4. HRV16 3D polymerase activity on heteropolymeric
templates. All the reactions contain one labeled nucleotide used
at a concentration slightly above its K, and three unlabeled
nucleotides each at a concentration of 500 pM. Black bar,
[0-3*P]-UTP labeled; grey bar, [0->*P]-GTP labeled. (A) Radio-
active incorporation as measured by TCA precipitation.
Poly(A), poly(C) and sshRNA were all annealed to biotinylated
DNA primers, whereas the reaction for the hairpin RNA does
not contain primers. (B) Radioactive incorporation as mea-
sured by streptavidin capture on an NEN Flash Plate. All the
RNAs were annealed to biotinylated DNA primers. For the
hairpin RNA, two specific primers were tested, one proximal
(prox) and the other distal (dist) to the putative self-priming site
on the RNA. (C) Gel analysis of the reaction products using
heteropolymeric RNA templates. The RNA samples were
electrophoreses on a 5% acrylamide, 8 M urea gel. The starting
RNA templates (lanes 1 and 3) were 3’ end-labeled with 5'-
[*?P]pCp using T4 RNA ligase. The polymerase reactions were
performed as in panel (A) with unlabeled templates and the
reaction products were run (lanes 2 and 4).
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Table 3
Kinetic analysis of HRV-16 3D polymerase®

Template Substrate K, (uM) kear (per h) kea/ Km (per h per uM)
Poly(A) UuTP 12+1 833438 72
Poly(C) GTP 0.7+0.1 7643 111
sshRNA UuTP 2.1+0.4 17.240.9 8
sshRNA GTP 1.0+0.1 13.54+0.6 14
sshRNA ATP 0.84+0.1 2.240.2 3
sshRNA CTP 0.26+0.05 18.2+0.8 70

%The enzyme concentration used in the reaction was 0.02 uM. The reactions were done in the optimized buffer.

serine spacer. Using this 6His tag, we purified the
enzyme to near homogeneity by Ni-NTA affinity
chromotography. The fact that we expressed an
enzymatically active mature form of the 3D
polymerase without co-expression of the 3C pro-

a viral polyprotein. Using a T7-based expression
system, we were able to express high levels of this
enzyme as an isolated polypeptide with a single
additional methionine at the N-terminus and a
6His tag attached to the C-terminus by a glycine—
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Fig. 5. Inhibition of HRV16 3D polymerase. The ICsy values were determined by non-linear regression using SIGMAPLOT 4.0. (A)
Inhibition curves of UTP analogs. (B) Inhibition curves of GTP analogs. (C) Inhibition curves of CTP analogs. (D) Inhibition curves of

ATP analogs.
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Table 4
Inhibitory effect of Zn>* ion?
Template —KCl +KCl
—DTT +DTT —DTT +DTT
PolyA/T 0.6+0.3 63+4 1.7+0.4 46+6

sshRNA 4.04+0.6 100+10 12+1 100+19

aReported in the table are the ICsy values of Zn>* in pM.
Mg?* was present in all the reactions at 1.5 mM. When present,
KCI and DTT were at 10 and 4 mM, respectively.

tease further supports the finding with both
poliovirus (Plotch et al., 1989) and EMCYV (Sankar
and Porter, 1991) that picornaviral 3D poly-
merases do not need to be expressed as a fusion
protein with the 3C protease for activity even
though uncleaved 3CD is required for protease
activity to process the viral capsid protein pre-
cursor, P1 (Burns et al., 1989). We showed that the
observed polymerase activity did not result from a
copurifying contaminant from E. coli, first by the
absence of such activity in a similarly purified
extract prepared from E. coli containing the empty
vector, and second by the resistance of the
observed polymerase activity to rifampicin, which
is known to inhibit the E. coli DNA-dependent
RNA polymerase (Chamberlin et al., 1983). Ex-
pression of active poliovirus 3D polymerase with
an additional N-terminal methionine has been
previously reported (Plotch et al., 1989) and the
N-terminal methionine has been shown to be
removed in E. coli (Hansen et al., 1997). Although
we have not determined whether the N-terminal
methionine of our rhinovirus 3D polymerase
remains associated with the recombinant enzyme,
it is conceivable that it is similarly removed. The
C-terminal 6His tag did not seem to have impaired
activity since both the 6His-tagged 3D polymerase
and a partially purified preparation of HRV-16 3D
polymerase without the tag had similar specific
activity when assayed under the same conditions.
The C-terminal 6His tag was also previously
reported to have no deleterious effect on the
activity of poliovirus 3D polymerase (Gohara et
al., 1999).

HRV-16 3D polymerase was found to have
varying preferences for different homopolymeric

RNA templates, using poly(A) and poly(C) with
high efficiency while exhibiting no activity on
poly(G) and poly(U). This pattern of homopoly-
mer specificity has been previously observed with
HCV NS5B, another viral RdARp (Lohmann et al.,
1997; Oh et al., 1999). While the polymerase
activity of HRV-16 3D is primer-dependent for
all four homopolymeric templates in the presence
of Mg®>", primer-independent de novo RNA
synthesis or terminal transferase activity was
promoted on poly(C) alone when Mg>" was
replaced with Mn”>". This phenomenon was pre-
viously observed with poliovirus 3D polymerase
(Arnold and Cameron, 1999). HRV-16 3D was
capable of primer-independent synthesis on a
heteropolymeric hairpin RNA using a copy-back
mechanism previously reported for HCV NS5B
(Behrens et al., 1996), forming a product of dimer
size. The existence of secondary structure in
heteropolymeric RNAs makes them prone to
copy-back synthesis by self-priming which has
been shown to compete efficiently with oligonu-
cleotide-primed synthesis on the same heteropoly-
meric RNA (Behrens et al.,, 1996). We have
confirmed this phenomenon by annealing biotiny-
lated primers to the hairpin RNA template,
enabling the products resulting from the exogen-
ously primed synthesis to be captured on strepta-
vidin-coated plates. Our use of a secondary-
structureless heteropolymeric RNA (sshRNA) cir-
cumvented this self-priming problem and has
enabled us to use a heteropolymeric RNA, in the
Flash Plate format adaptable to high throughput
screening, in much the same way as a linear
homopolymeric RNA, but allowing all four ribo-
nucleotides to be incorporated.

Rhinovirus-16 3D polymerase had a tempera-
ture optimum of 30 °C which is consistent with
the optimum temperature of Rhinovirus growth of
33 °C (Gwaltney and Rueckert, 1997). The activ-
ity of HRV-16 3D polymerase was dependent on
Mg® ", and had an optimum Mg>" concentration
at 1.5 mM which is comparable to the 3 mM
optimum for poliovirus and EMCV 3D poly-
merases (Neufeld et al., 1991a; Sankar and Porter,
1991). In the presence of Mn?> ", the 3D polymer-
ase activity was increased by about 2-fold relative
to that in the presence of Mg?*. A 3- and 10-fold
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higher stimulatory activity of Mn*" relative to
Mg?* has also been observed for HCV NS5B
polymerase (Ferrari et al., 1999) and poliovirus 3D
polymerase (Arnold et al., 1999), respectively.
Because Mn?" promotes misincorporation of
dNTPs, ddNTPs and non-complementary NTPs
by poliovirus 3D polymerase (Arnold et al., 1999),
we studied the substrate specificity of HRV-16 3D
polymerase in the presence of either Mg®* or
Mn?* using poly(A) as template. In the presence
Mg> ", HRV-16 3D was accurate in the utilization
of only NTPs complementary to the template and
had no reverse transcriptase activity. However, in
presence of a 100-fold molar excess of UTP to
[**P]-dTTP, the HRV-16 3D polymerase was able
to misincorporate a low level of [**P]-dTMP. This
suggests that while continuous DNA synthesis by
reverse transcription was not possible in the
presence Mg>", the enzyme can intermittently
misincorporate a low level of deoxynucleotides
during RNA synthesis. Unlike poliovirus 3D
polymerase, replacement of Mg?* by Mn?* did
not affect the base specificity of HRV-16 3D, but
severely compromised the ability of the enzyme to
discriminate the sugar moiety of the nucleotide
substrates.

The K, and k., values determined for UTP
using poly(A) as template were within 4-fold of the
corresponding parameters previously described for
poliovirus 3D polymerase (Neufeld et al., 1991b;
Arnold and Cameron, 1999). The higher efficiency
of the poly(A) template as compared with poly(C)
was mainly manifested in the turnover rate of the
nucleotide substrate where the k., for UTP was
about 11-fold greater than the k., for GTP. This
suggests that the polymerase molecule may be
more processive on the poly(A) template com-
pared with the poly(C) template. On the other
hand, the K,,, for GTP is 17-fold lower than that of
UTP, suggesting that the number of hydrogen
bonds involved in base pairing with the comple-
mentary nucleotide on the template may also
contribute to binding of the nucleotide substrate
to the polymerase complex. When the heteropoly-
meric sshRNA was used as template, the turn over
rate for all four nucleotides became more compar-
able to each other but with a mean k., 35-fold
lower than the mean kg for UTP and GTP

determined for the homopolymeric templates.
This is consistent with the sshRNA being a
template of intermediate efficiency relative to the
efficiency extremes observed for the four homo-
polymeric templates. The K, for UTP was also
decreased by about 6-fold using the heteropoly-
meric template, suggesting that the polymerase
complex formed on heteropolymeric RNA may
adopt a more optimal conformation with in-
creased affinity to certain nucleotide substrates.
These findings on the K, and k¢, of nucleotide
substrates on homopolymeric and heteropolymeric
templates are consistent with a previous observa-
tion using HCV NS5B polymerase (Lohmann et
al., 1998).

Three types of zinc binding sites are known to
exist in proteins: catalytic binding sites found in
zinc metalloenzymes such as horse liver alcohol
dehydrogenase (Ramaswamy et al., 1994), struc-
tural binding sites examplified by HCV protease
(Kim et al., 1996) and HIV integrase (Esposito and
Craigie, 1999) and inhibitory binding sites in
enzymes that do not contain zinc, such as aldehyde
dehydrogenase (Maret et al., 1999). Rhinovirus 3D
polymerase is probably not a zinc containing
enzyme with catalytic or structural zinc binding
sites, as zinc was not reported in the crystal
structure of the closely related poliovirus 3D
polymerase (Hansen et al., 1997). However, given
the ability of zinc to inhibit the activity of
rhinovirus 3D polymerase, the presence of an
inhibitory binding site for zinc in rhinovirus 3D
polymerase is a possibility. It is not clear at this
point whether susceptibility to zinc is specific to
rhinovirus polymerase or whether it applies to
related viral RdRps as well. The inhibition of
rhinovirus 3D polymerase by zinc, observed in this
study, is not likely due to displacement of the
catalytically essential Mg®* ion, because the
Mg?>* optimum is at 1.5 mM while the ICs, of
Zn>* is 12 uM. Several potential mechanisms have
been proposed for the observed inhibition of
rhinovirus replication in vitro by zinc (Korant et
al., 1974; Korant and Butterworth, 1976; Novick
et al., 1996). Inhibition of the 3D polymerase
could constitute an additional mechanism whereby
zinc exerts its putative antiviral effect on rhino-
viruses. Zinc has been reported to be efficacious
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for the treatment of rhinovirus-associated cold
symptoms, but these results are controversial
(Godfrey et al., 1996; Hirt et al., 2000; Turner,
2001).

Using purified recombinant HRV-16 3D poly-
merase and a secondary-structureless heteropoly-
meric RNA (sshRNA) we have developed a highly
sensitive and quantitative Flash Plate assay to
characterize the activity of this RARp. The assay is
adaptable to high throughput screening of com-
pounds that inhibit the 3D polymerase and is a
first step toward a more systematic structure—
activity study of the enzyme as a target for
antiviral therapy.
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