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The etiological agent of severe acute respiratory syndrome
(SARS)1 in humans was recently identified as a novel coronavirus, SARS coronavirus (SARS-CoV), an enveloped, singlestranded RNA positive-strand virus with a genome of ⬃30 kb
(1–5). According to the World Health Organization, as of the
July 9, 2003 there have been 8436 reported probable cases of
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SARS worldwide including 812 deaths (www.who.int/csr/sars/
en). Although this initial global outbreak of SARS appears to
have been successfully contained, SARS will remain a serious
concern while there continues to be no suitable vaccine or
effective drug treatment.
The coronaviruses and arteriviruses belong to the order
Nidovirales, members of which share a similar polycistronic
genomic composition and organization (6, 7). The 29.7-kb
SARS-CoV genome is dominated by a 21.2-kb replicase gene
(orf1ab) in the 5⬘-most region, which incorporates a ribosomal
slippage site (3, 4, 7). Termination of translation without ribosomal frameshifting generates the Orf1a protein, while the
(⫺1) frameshift results in translation of the extended Orf1ab
polyprotein (pp1ab) (7). These two initial translation products
are then autoproteolytically processed primarily by the main
proteinase (Mpro, also called 3CLpro), encoded within the 5⬘proximal region of the replicase gene (6), to release a number of
non-structural proteins (nsPs), including the RNA-dependent
RNA polymerase (RdRp, nsP9) and the NTPase/helicase (Hel,
nsP10). Within the N-terminal region of the predicted SARSCoV Hel protein is a cysteine-rich putative metal binding domain (MBD), which from mutational studies in the related
equine arteritis virus (EAV) has been implicated in subgenomic
mRNA synthesis, genome replication, and virion biogenesis
(8, 9).
The main proteinase (Mpro), the RNA-dependent RNA polymerase (RdRp), and the NTPase/helicase (Hel) proteins are
all thought to be essential for nidovirus viability (7, 8, 10) and
are therefore potential targets for the development of antiSARS drugs (11, 12). Promising NTPase/helicase inhibitors are
currently being tested for the treatment of herpes simplex virus
(13–15) and hepatitis C viral infections (16). As a foundation to
the development of specific SARS-CoV NTPase/helicase inhibitors, we have cloned, expressed, purified, and characterized
the biochemical properties of the SARS-CoV NTPase/helicase
domain.
EXPERIMENTAL PROCEDURES

Source DNA and Cloning—Cultured Vero cells were infected with
SARS coronavirus strain HKU 39487. Total RNA was isolated with
TRIZOL (Invitrogen) as instructed by the manufacturer. Purified RNA
was reverse-transcribed using Superscript II reverse transcriptase (Invitrogen) and random hexamers. The NTPase/helicase domain (nsP10)
was amplified by PCR, using AmpliTaq Gold (Applied Biosystems) with
the forward primer 5⬘-GGCGGATCCGCCATGGCTGTAGGTGCTTGTGTATTG-3⬘ and the reverse primer 5⬘-GGCCTCGAGTCATTGTAATGTAGCCACATTGCG-3⬘. The PCR product was gel purified, digested with BamHI/XhoI and ligated with a similarly digested
pET28a(⫹) vector (Novagen) to make the plasmid pHelA12.

39578

This paper is available on line at http://www.jbc.org

Downloaded from http://www.jbc.org/ at The University of Iowa Libraries on March 17, 2015

The putative NTPase/helicase protein from severe
acute respiratory syndrome coronavirus (SARS-CoV) is
postulated to play a number of crucial roles in the viral
life cycle, making it an attractive target for anti-SARS
therapy. We have cloned, expressed, and purified this
protein as an N-terminal hexahistidine fusion in Escherichia coli and have characterized its helicase and
NTPase activities. The enzyme unwinds doublestranded DNA, dependent on the presence of a 5ⴕ singlestranded overhang, indicating a 5ⴕ to 3ⴕ polarity of activity, a distinct characteristic of coronaviridae helicases. We provide the first quantitative analysis of the
polynucleic acid binding and NTPase activities of a
Nidovirus helicase, using a high throughput phosphate
release assay that will be readily adaptable to the future
testing of helicase inhibitors. All eight common NTPs
and dNTPs were hydrolyzed by the SARS helicase in a
magnesium-dependent reaction, stimulated by the presence of either single-stranded DNA or RNA. The enzyme
exhibited a preference for ATP, dATP, and dCTP over
the other NTP/dNTP substrates. Homopolynucleotides
significantly stimulated the ATPase activity (15–25-fold)
with the notable exception of poly(G) and poly(dG),
which were non-stimulatory. We found a large variation
in the apparent strength of binding of different homopolynucleotides, with dT24 binding over 10 times
more strongly than dA24 as observed by the apparent
Km.
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FIG. 1. Purification and DNA-unwinding activity of the SARS
coronavirus NTPase/helicase. Panel A, purification of the SARSCoV Hel as observed by 4 –12% SDS-PAGE. Lane 1, marker, from
bottom (in kilodaltons) 10, 15, 20, 25, 30, 40, 50 (strong), 60, 70, 80, 90,
100, 120, 160, 220. Lane 2, Whole cell extract from E. coli BL21 (DE3)
expressing SARS-CoV Hel (5 g). Lane 3, soluble extract from E. coli
BL21 (DE3) expressing SARS-CoV Hel (10 g). Lane 4, SARS-CoV Hel
after purification by nickel affinity chromatography (1.5 g). Lane 5,
SARS-CoV Hel after purification on Red Sepharose CL-6B (0.4 g).
Panel B, schematic showing the fully double-stranded (dB) and partially double-stranded DNA substrates (d5T ⫽ 5⬘-oligo(dT)20 tail, d3T ⫽
3⬘-oligo(dT)20 tail) used in the unwinding assay. An asterisk indicates
the position of the 32P radiolabel. Panel C, the SARS-CoV Hel unwinds
duplex DNA with a 5⬘ to 3⬘ polarity. The positions of the intact dsDNA
duplexes (dB, d5T, and d3T), as well as the released (labeled) ssDNA
strand on the polyacrylamide gel, are indicated with arrows. Lanes 1–5,
reactions containing 30 fmol of DNA duplex; lanes 2–5, reactions containing 6 pmol of helicase; lanes 1– 4, reactions containing 2.5 mM ATP;
lane 1, the d5T DNA duplex was heat-denatured. Panel D, titration of
helicase concentration. Lanes 1– 4, reactions containing 150 fmol, 600
fmol, 1.5 pmol, and 3 pmol of helicase, respectively, in addition to 30
fmol of d5T DNA duplex and 2.5 mM ATP.

FIG. 2. Comparative polynucleotide-induced stimulation of
the ATPase activity of the SARS coronavirus NTPase/helicase.
Each 24-mer polynucleotide was added to a concentration of 1 M. The
degree of stimulation was calculated as a factor, normalized to the rate
of ATPase activity in the absence of polynucleotide. Experimental conditions were: 0.5 mM ATP, 5 mM MgCl2, 50 mM Tris-HCl, pH 6.6, 50-l
reaction volume, 0.5 pmol of helicase, 10-min reaction.
RESULTS

Cloning, Expression, and Purification of the Putative SARS
Coronavirus NTPase/Helicase—A bacterial expression system
was used to produce the SARS-CoV NTPase/helicase (Hel) in
quantities suitable for enzymatic studies. SARS-CoV strain
HKU 39487 was used to infect Vero cells, and total RNA was
extracted and reverse-transcribed with random hexamers.
PCR primers were designed to amplify the region coding for the
full-length Hel domain (nsP10), as defined by the helicase Mpro
proteolytic sites: Leu-Gln2 (Ser, Ala, Gly) based on the work
by Anand et al. (12). The PCR product of the expected length
was ligated into a pET28a(⫹) expression vector, thereby introducing a small hexahistidine-T7 tag at the N terminus of the
protein, to facilitate subsequent purification. Sequencing confirmed that the cloned PCR fragment was identical to that of
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Protein Purification—4 liters of LB broth supplemented with kanamycin (50 g/ml) were inoculated with saturated pHelA12/BL21 (DE3)
culture (1/200 dilution) and grown at 37 °C until A600 ⫽ 0.6. Protein
expression was induced by addition of isopropyl-1-thio-␤-D-galactopyranoside (0.5 mM), and cultures were incubated at 25 °C for 6 h. After
cooling to 4 °C, the cells were harvested by centrifugation and resuspended in Buffer A (25 mM Tris-HCl, pH 6.8, 20 mM imidazole, 0.5 M
NaCl, 0.1% Triton X-100, protease inhibitors (Complete, Roche Applied
Science), 1 g of wet cell pellet/5 ml of buffer). Cells were lysed by
sonication (Sonics VibraCell, microtip, 30% power for 3 min (4 s on, 10 s
off) with ice cooling) and then centrifuged (30 min, 30,000 ⫻ g), and the
supernatant was filtered (Corning syringe filter, 0.45 m) and then
applied to 2 ⫻ 5 ml nickel-charged HiTrap chelating columns directly
connected in series (Amersham Biosciences). The 10-ml column was
washed with 100 ml of Buffer A, then 50 ml Buffer B (25 mM Tris-HCl,
pH 6.8, 50 mM imidazole, 0.5 M NaCl) before eluting the protein with a
stepwise gradient over 100 ml versus Buffer C (25 mM Tris-HCl, pH 6.8,
250 mM imidazole, 0.5 M NaCl). Collected fractions (2 ml) were immediately diluted with 2 ml of Buffer D (20 mM Tris-HCl, pH 6.8, 5 mM
␤-mercaptoethanol (␤-ME), 10% glycerol) to reduce protein precipitation. The purest fractions (determined by SDS-PAGE) were combined,
dialyzed against 500 volumes of Buffer D, and then filtered (0.45 m)
before application to a column containing 0.5 ml of Red Sepharose
CL-6B resin (Amersham Biosciences). The resin was washed with 5 ml
of Buffer B (containing 5 mM ␤-ME), before elution with a stepwise
gradient over 10 ml versus Buffer E (25 mM Tris-HCl, pH 6.8, 50 mM
imidazole, 2 M NaCl, 5% glycerol, 5 mM ␤-ME, 2% Nonidet P-40). Pure
fractions (by SDS-PAGE) were combined and stored at 4 °C for short
term or frozen at ⫺70 °C for long term storage.
NTPase Assays—NTPase assays were performed by measuring
phosphate release using a colorimetric method based on complexation
with malachite green and molybdate (AM/MG reagent) (17, 18). In a
50-l volume, typically 0.2– 0.7 pmol of protein, 50 mM Tris-HCl, pH 6.6,
5 mM MgCl2, 1 mM ATP, and 25 g/ml poly(U) (Amersham Biosciences,
s20,w ⫽ 4.8) were incubated for 10 min at 25 °C. The reaction was
stopped by the addition of 10 l of 0.5 M EDTA, and then the color was
developed for 5 min following the addition of 200 l of AM/MG reagent
(0.034% malachite green, 1.05% ammonium molybdate, 0.04% Tween
20, in 1 M HCl). 40 l of 34% (w/v) trisodium citrate dihydrate was then
added and the A630 read, typically using a 96-well plate reader. For the
assays stimulated by homopolynucleotides, the polynucleotide concentration was accurately measured using the A260 and quoted as a molar
concentration of 24-mer. The amount of phosphate released was quantified by comparison with a standard phosphate calibration curve. Data
were fitted using Origin (Microcal Software).
Preparation of Duplex DNA Substrates—The synthetic oligonucleotide “released” (5⬘-GGTGCAGCCGCAGCGGTGCTCG-3⬘, Proligo (Singapore), de-salted) was labeled with [␥-32P]ATP (3000 Ci/mmol, Amersham Biosciences) using T4 polynucleotide kinase (Amersham
Biosciences) according to the manufacturer’s instructions. Labeled
DNA was purified by desalting (AutoSeq G-50 spin column, Amersham
Biosciences), phenol:chloroform extraction, and ethanol precipitation
and was resuspended in deionized water. The labeled released oligo
(100 pmol) was annealed to 150 pmol of oligos “Tblunt” (5⬘-CGAGCACCGCTGCGGCTGCACC-3⬘), “3T20” (5⬘-CGAGCACCGCTGCGGCTGCACCTTTTTTTTTTTTTTTTTTTT-3⬘), and “5T20” (5⬘-TTTTTTTTTTTTTTTTTTTTCGAGCACCGCTGCGGCTGCACC-3⬘) in 100 l of Buffer
F (25 mM Hepes, pH 7.4, 1 mM EDTA, 25 mM NaCl) by heating to 95 °C
for 5 min, followed by gradual cooling to room temperature at 0.5–1 °C/
min, to form substrate DNA duplexes dB, d3T, and d5T, respectively.
DNA duplexes were not purified further.
Duplex DNA-unwinding Assays—Purified helicase protein (typically
6 pmol) was incubated with the labeled duplex DNA (30 fmol) in 60 l
of Buffer G (20 mM Hepes, pH 7.4, 5 mM magnesium acetate, 2.5 mM
ATP, 2 mM dithiothreitol, 0.1 mg/ml bovine serum albumin, 10% glycerol) for 10 min at 30 °C. Reactions were halted by the addition of 15 l
of gel loading buffer (5% SDS, 100 mM EDTA, 15% w/v Ficoll, 0.1%
xylene cyanol, 0.05% bromphenol blue), and the products (25 l) were
immediately resolved on 15% polyacrylamide gels (29:1 acrylamide:
bisacrylamide in (⫻1) TBE (89 mM Tris base, 89 mM boric acid, 10 mM
EDTA)). For the positive control, labeled duplex DNA (30 fmol) in 60 l
of Buffer F was denatured by heating to 95 °C for 5 min and then flash
cooling in liquid nitrogen. Gels were analyzed on a Storm 860 PhosphorImager using ImageQuaNT software (Amersham Biosciences).
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the deposited sequence (NCBI accession number: NC_004718)
apart from a silent CCC to CCG variation present at position
16,325. The His-tagged protein was purified from the soluble
fraction using nickel affinity chromatography, followed by dyeaffinity chromatography, resulting in a single band of the expected mass of ⬃70 kDa, as observed by SDS-PAGE after
staining with Coomassie Blue (Fig. 1, panel A). Typical yields
were 1–2 mg of purified protein/liter of bacterial culture.
DNA Duplex-unwinding Activity of the SARS Coronavirus
NTPase/Helicase—Three radiolabeled DNA duplex and partial
duplex substrates were prepared to probe the activity of the
recombinant helicase protein in a fully defined in vitro system.
The dB substrate was fully double-stranded (blunt ended),
while d3T and d5T each contained a 20-residue 3⬘- or 5⬘poly(dT) tail, respectively (Fig. 1, panel B), analogous to the
system used by Seybert et al. (19). One strand in each of the
three annealed duplexes, referred to as the released strand
(10), was 5⬘-end-labeled with 32PO4, so that the substrate duplex and single-stranded DNA products could be resolved by
polyacrylamide gel electrophoresis and visualized by phosphorimaging. When incubated with the helicase, only the d5T partial duplex with the 5⬘ single-stranded DNA tail was unwound
to release the labeled strand (Fig. 1, panel C). This activity was
entirely dependent upon the presence of ATP (Fig. 1, panel C)
and Mg2⫹ (data not shown). Neither the fully double-stranded
duplex (dB) nor a partial duplex with a 3⬘ single-stranded tail
(d3T) could be unwound by the SARS-CoV helicase, indicating
that it has activity with specific 5⬘ to 3⬘ polarity. We also show
that the release of the labeled strand from the d5T duplex
correlated with the quantity of helicase present in the reaction
(Fig. 1, panel D).
ATPase Activity of the SARS Coronavirus NTPase/Helicase—
The ATPase activity was quantified using a sensitive colorimetric assay that measures the total amount of orthophosphate
released, based on the highly colored complex of phosphomolybdate and malachite green (17). The assays were performed
in parallel on a 50 l scale, using a standard 96-well plate. In
the absence of ssDNA or RNA, there was a basal rate of ATPase
activity of ⬃0.4 s⫺1. As found for all other RNA helicases
studied to date (10), the ATPase activity of the SARS-CoV Hel

TABLE I
Rate constants for the NTPase activity of the SARS coronavirus
NTPase/helicase
Km and kcat values were calculated by least squares regression on a
simple Michaelis-Menten fitting of the NTPase phosphate-release data
shown in Fig. 3, panel A, as measured by the malachite green/molybdate assay. Experimental conditions were the same as for Fig. 3,
panel A.

ATP
CTP
GTP
UTP
dATP
dCTP
dGTP
dUTP

Km

Kcat

mM

⫺1

0.33
0.47
0.20
0.55
0.20
0.22
0.35
0.93

s

19.1
13.9
5.4
10.5
14.8
14.3
7.5
14.8

kcat/Km
mM⫺1 s⫺1

57.9
29.6
27.0
19.1
74.0
65.0
21.4
15.9

was absolutely dependent on Mg2⫹, as no NTPase activity was
observed when a molar excess of EDTA was added to sequester
the Mg2⫹ (data not shown). Mn2⫹ (as a chloride salt) could
substitute for Mg2⫹, but with reduced relative efficiency (⬃40%
at 2.5 mM, data not shown). The ATPase activity was stimulated significantly (15–25-fold) by the addition of most homopolyribo- and deoxyribonucleotides, in particular poly(U)
(Fig. 2). However, the addition of either poly(G)24 or poly(dG)24
caused only a very minor increase in the ATPase activity of the
helicase. Due to the significant stimulatory effect of poly(U),
this was used as the standard polynucleotide for further analysis of the NTPase activities of the SARS-CoV Hel.
Comparison of NTP Substrates in the NTPase Reaction—The
SARS-CoV helicase was able to hydrolyze all eight common
NTPs and dNTPs in a magnesium-dependent reaction that was
highly stimulated by certain polynucleotides (Fig. 3, panel A).
At lower concentrations of NTP (⬍1 mM), hydrolysis followed
simple single-site Michaelis-Menten behavior, with the values
of Km, kcat, and the specificity constant kcat/Km shown in Table
I. Judging by the specificity constant, ATP, dATP, and dCTP
were the “best” substrates of those tested in the NTPase assay.
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FIG. 3. Effect of NTP and polynucleotide concentration on rate of NTP hydrolysis catalyzed by the SARS coronavirus NTPase/
helicase. Panel A, hydrolysis of NTP by the SARS coronavirus NTPase/helicase versus NTP concentration versus NTP identity for eight different
nucleotides. Data for the NTPase activity for each NTP over a range of NTP concentrations (0 –3 mM) were fitted to a simple Michaelis-Menten
model; the results are shown in Table I. Experimental conditions were: 25 g/ml poly(U), 5 mM MgCl2, 50 mM Tris-HCl, pH 6.6, 50-l reaction
volume, 0.4 pmol of helicase, 10-min reaction. Panel B, hydrolysis of dATP by the SARS coronavirus NTPase/helicase versus polynucleotide
concentration for four different polynucleotides. Data are shown after subtraction of basal dATPase phosphate release. Data for the dATPase
activity in the presence of each polynucleotide were fitted to a simple Michaelis-Menten model, with the fit shown by the four lines. Experimental
conditions were: 1 mM dATP, 5 mM MgCl2, 50 mM Tris-HCl, pH 6.6, 50-l reaction volume, 0.7 pmol of SARS-CoV helicase, 10-min reaction.
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DISCUSSION

On the basis of sequence homology, helicases are divided into
five major groups: the superfamilies SF-1, SF-2, and SF-3, a
fourth family consisting of helicases related to the Escherichia
coli DnaB protein, and a fifth family typified by the transcription termination factor Rho (20). The majority of the viral
helicases that have been characterized to date belong to SF-2,
as typified by the hepatitis C virus ns3 helicase domain, for
which a crystal structure was solved 6 years ago (21). The
primary sequence of the predicted SARS-CoV Hel, however,
places it in SF-1, a less well characterized family with regards
to its viral helicase members. Initial studies on virus-encoded
helicases from SF-1 showed ATPase activity but no detectable
helicase activity (10). Subsequently, the HCoV 229E NTPase/
helicase was shown to have DNA and RNA duplex-unwinding
activity with a 5⬘ to 3⬘ polarity (19), as was found for the EAV
helicase from the closely related arterivirus family (22). Studies on a helicase from a further arterivirus, porcine reproductive and respiratory syndrome virus confirmed a strict 5⬘ to 3⬘
polarity (23). Our results show that the SARS-CoV Hel has
very similar properties to these three helicases: a 5⬘ to 3⬘
polarity of unwinding and a stimulation of ATPase activity by
single stranded polynucleotides. This stands in stark contrast
to the SF-2 viral helicases, which display a 3⬘ to 5⬘ polarity of
unwinding (18). Although it was previously suggested that a 5⬘
to 3⬘ unwinding was a signature of all SF-1 viral helicases (19),
it has recently been reported that SF-1 helicases from two
hordeiviruses and a potexvirus (both plant (⫹) ssRNA viruses)
unwind RNA duplexes in both directions (24). This would suggest that helicases of the Nidovirales (including coronaviruses
and arteriviruses), possibly together with SF1 helicases from
other animal (⫹) ssRNA viruses (including alphaviruses, rubiviruses, and hepatitis E viruses) form a distinct class of 5⬘ to 3⬘
RNA viral helicases within SF-1 (see Supplementary Material).
The SARS-CoV Hel hydrolyzed all eight common NTPs and
dNTPs, exhibiting a marked preference for ATP, dATP, and

dCTP (Fig. 3, panel A, and Table I). The ability of Hel to
hydrolyze a wide variety of NTPs and dNTPs is consistent with
the triphosphate moiety forming the basis of the recognition
factor for binding and hydrolysis, as has been suggested for the
hepatitis C virus ns3 helicase (18, 25). It is possible that this
lack of selectivity in NTP hydrolysis also enables the Hel to act
as a broad RNA 5⬘-triphosphatase in viral 5⬘ capping, as reported for a related potexvirus helicase (26). The ATP hydrolysis rate decreased at higher ATP concentrations, suggesting
that ATP may be able to bind to a weaker set of ATP-binding
sites in a putative homomultimeric enzyme complex, thereby
inhibiting the net ATPase activity of the enzyme (16, 27).
The basal ATPase activity of Hel was stimulated by most
polynucleotides 15–25-fold, with the exception of poly(G) and
poly(dG) (Fig. 2). Variation in strength of homopolynucleotide
binding was particularly significant (Fig. 3, panel B), suggesting that the SARS-CoV Hel may possess elements of secondary
structure/sequence recognition capability. We speculate that
this specificity may play a role in the localization of a putative
RdRp-helicase complex to selected genomic locations during
subgenomic RNA synthesis, augmenting proposed base-pairing
factors (28). The 5⬘ to 3⬘ direction of unwinding suggests to us
that the helicase may aid the replicative process by disrupting
secondary structure or displacing bound proteins and annealed
RNA fragments, putative roles that will require experimental
validation.
Mutational studies on the EAV MBD have suggested that
this region is involved in virion biogenesis, subgenomic mRNA
synthesis, genome replication, and possibly other processes
crucial to the viral life cycle (8, 9, 22). Although there are
differences in the primary sequence between the EAV MBD
and those from HCoV and SARS-CoV, these MBDs are most
likely zinc finger domains (29) sharing a common role (8). It
remains unclear how the putative zinc finger and helicase
domains of the SARS-CoV nsP10 are functionally related to one
another and to the general viral life cycle.
We report here the expression, purification, and biochemical
characterization of the predicted NTPase/helicase domain
(nsP10) of the replicase polyprotein (pp1ab) from SARS-CoV.
We demonstrate that the nsp10 protein is a functional helicase,
which specifically unwinds polynucleotide duplexes with a 5⬘ to
3⬘ polarity, placing it in a distinct class of 5⬘ to 3⬘ RNA viral
helicases within SF-1. The sensitive, high throughput phosphate-release assay that we have used here may be easily
adapted to screen libraries of known antiviral compounds for
their SARS-CoV helicase/NTPase inhibitory properties. Taken
together, our experiments provide the first quantitative analysis of NTPase activity and selectivity in polynucleotide binding for a nidovirus helicase, providing invaluable insight into
the biochemical properties of this key SARS-CoV protein. This
study presents both an opportunity and a challenge for the
future development of helicase-targeted anti-SARS drugs.
Addendum—During the process of publication, work in another
group also showed the helicase activity of the SARS coronavirus NTPase/helicase (30). The protein was expressed as a maltose-binding
protein fusion and shown to have both ATPase activity and DNA duplex-unwinding activity; both activities were abolished when the conserved lysine residue in the Walker A box was replaced with alanine.
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addition elicited. Poly(dT)24 stimulated the dATPase activity at
the lowest concentrations: the most simple model would therefore suggest that poly(dT)24 binds most strongly to Hel.
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