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Abstract

The non-structural protein 13 (nspl3) of Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV) is a helicase that
separates double-stranded RNA or DNA with a 5°-3’ polarity, using the energy of nucleotide hydrolysis. We have previously
determined the minimal mechanism of helicase function by nsp13 where we demonstrated that the enzyme unwinds nucleic
acid in discrete steps of 9.3 base-pairs each with a catalytic rate of 30 steps per second. In that study we used different cons-
tructs of nsp13 (GST and H, constructs). GST-nsp13 showed much more efficient nucleic acid unwinding than the H -tagged
counterpart. At 0.1 second, more than 50% of the ATP is hydrolyzed by GST-nsp13 compared to less than 5% ATP hydrolysis
by H.-nsp13. Interestingly, the two constructs have the same binding affinity for nucleic acids. We, therefore propose that the
difference in the catalytic efficiency of these two constructs is due to the interference of ATP binding by the histidine tag at
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the amino-terminus of nsp13.
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INTRODUCTION

Severe acute respiratory syndrome (SARS), emerged in
the Guangdong province of southern China in 2002 and it
was mainly characterized by flu-like symptoms, including
high fevers surpassing 38°C or 100.4°F, myalgia, dry non-
productive dyspnea, lymphopaenia and infiltrate on chest
radiography. The resulting pneumonia resulted in acute
breathing problems requiring artificial respirators in 38%
of all the cases (37). The overall mortality rate was about
10%, but varied profoundly with age: although SARS af-
fected relatively few children and generally appeared to
be milder in the pediatric age group, the mortality rate in
the elderly was as high as 50% (10, 18, 36). The causa-
tive agent of SARS is SARS coronavirus (SARS-CoV).
Coronaviruses are named after their corona crown-like
appearance in electron micrographs, which is caused by
the club-shaped peplomers that radiate outwards from the
viral envelope. The positive-strand RNA genome of about
30 kb is covered by a helical capsid. (29, 31). There are 16
SARS-CoV non-structural proteins (nsps) that are expec-
ted to contribute to the formation of the viral replication
complex (RC), which is also expected to consist of several
unknown host factors. The composition of the complex is
likely to change during the course of viral replication.

The first coronavirus proteins that have been studied in
detail include viral proteinases, namely the papain-like
cysteine proteinase (Plpro, nsp3) and the 3C-like cysteine
proteinase (3Clpro, nsp5), which cleave the polyprotein
into individual polypeptides that are required for replica-
tion and transcription (44, 45). Following the translation
of the messenger RNA to yield the polyprotein, the 3C-
like proteinase, also known as the main protease (Mpro),
is first auto-cleaved from the polyproteins to become a
mature enzyme. The Mpro further cleaves all the 11 re-

maining downstream non-structural proteins while nsp3
cleaves protease recognition sites between nsp1/2, nsp2/3
and nsp3/4 (17). Hence, this auto-proteolysis leads to for-
mation of 16 non-structural proteins, including the RNA-
dependent RNA polymerase (RdRp) and an NTPase/heli-
case that are known as non-structural proteins 12 and 13,
respectively (nspl2 and nspl3). They are likely to form
the core of membrane-bound replication-transcription
complexes in double-membrane vesicles at perinuclear
regions (47).

Helicases are motor proteins that utilize the energy deri-
ved from nucleotide hydrolysis to unwind double-stranded
nucleic acids into two single-stranded nucleic acids (7, 15,
25-27, 30, 34, 35). Initially, helicases were only thought to
be molecular engines that unwind nucleic acids during re-
plication, recombination, and DNA repair (1-4, 11, 15, 21,
40, 52-54). Recent studies have shown that they are also
involved in other biological processes, including displa-
cement of proteins from nucleic acid, movement of Holli-
day junctions, chromatin remodeling, catalysis of nucleic
acid conformational changes (9, 14, 20, 24, 48, 49), seve-
ral aspects of RNA metabolism, including transcription,
mRNA splicing, mRNA export, translation, RNA stability
and mitochondrial gene expression (47). Some human di-
seases, including Bloom’s syndrome, Werner’s syndrome,
and Xeroderma Pigmentosum have been associated with
defects in helicase function (12, 16, 41, 55).

The specific role of nsp13 in SARS-CoV replication has
yet to be established, although,many studies have shown
the interaction of nsp13 with other SARS-CoV non-struc-
tural proteins, such as nsp7, nsp8 and nsp12 (32, 38, 50),
and the effect of these interactions on nsp13 unwinding ac-
tivity is unknown. Previously, a basic biochemical charac-
terization of nsp13 demonstrated that it can unwind both
double-stranded DNA and RNA in a 5°-3” direction, and

115



A. O. ADEDEII et al. / Differential activities of SARS-CoV helicase.

it can hydrolyze all deoxyribonucleotide and ribonucleo-
tide triphosphates (19, 43). More recently, it was reported
that the amplitude of nsp13 increases with longer 5’-ove-
rhang containing DNA substrates (23). These studies were
conducted using construct of nsp13 that was fused with
hexahistidine (H,-nsp13). H -nspl3 was enzymatically
active, but appeared to be considerably less active than
other helicases (13, 28). We recently prepared GST-nsp13
using a baculovirus expression system and compared it to
the MBP-nsp13 and H,-nsp13 variants of the helicase pre-
pared in bacterial systems. We found that GST-nsp13 was
dramatically more active than the other variants and had
activity comparable to other helicases (5). We suggested
that the enhanced activity of GST-nsp13 was as a result of
better folding of the protein in the eukaryotic expression
system. In this present study, we use both biochemical and
structural studies to show that the hexahistidine tag at the
N-terminus of nsp13 reduced the ability of the H,-nsp13
to bind and hydrolyze ATP, hence, the reason for the slow
unwinding activity of H.-nsp13 as compared to the GST
construct, as there was no difference in the DNA binding
affinity of the two constructs.

MATERIALS AND METHODS

Cloning, Expression and Purification of GST-nsp13 and
H -nsp13 Helicase

The cloning, expression and purification of the two
constructs of nsp13 was as previously described (5, 6).

Nucleic Acid Substrates

Synthetic  oligonucleotides were purchased from
Integrated DNA Technologies (Coralville, IA). Sequences
of the DNA substrates is same as used in Adedeji et al. (5).
Concentrations were determined spectrophotometrically
using absorption at 260 nm and their extinction
coefficients. Unlabeled oligonucleotides were annealed to
corresponding 5°-Cy3 labeled 18-mer, in 50 mM Tris pH
8.0, 50 mM NacCl at a ratio of 1:1.2 by heating at 95 °C for
5 min and cooling slowly to room temperature. Unlabeled
18-mer was used as traps in all helicase assay.

Pre-Steady State Kinetics Assays

The reactions were carried out in 20 mM HEPES (pH
7.5), 20 mM NaCl, 5 mM MgCl,, 1 mM DTT, 0.1 mg/
ml BSA, and 5% glycerol at 30 °C using a Rapid Quench
Flow instrument (KinTek Corp.) (39). GST-nsp13 (100
nM) and DNA substrates (5 nM) were loaded into one
of the sample loops (15 pl), whereas ATP (2 mM), and
unlabeled DNA substrate (1 uM) were loaded into the
other sample loop (15 pl). Samples were rapidly mixed
and the reaction was quenched with 100 mM EDTA,
0.2% SDS, and 20% glycerol after desired time intervals.
Experiments were performed at least three times. The
released single-stranded DNA (ssDNA) product and
unwound double-stranded DNA (dsDNA) were resolved
on a 6% non-denaturing-PAGE (polyacrylamide gel
electrophoresis) using a running buffer containing 89
mM Tris-Borate pH 8.2, and run for 2 hours at 4°C and
150 V. The controls for measuring maximum unwinding
were dsDNA denatured by heating for 5 min at 95 °C and
loading immediately on the gel as suggested by Ahnert
et al. (39). In this and subsequent assays the gels were
scanned with a phosphorimager (FLA 5000, FujiFilm).

The band intensities representing ssDNA and dsDNA were
quantitated using the ImageQuant software (Pharmacia).
The fraction of unwound DNA was plotted against time
and the kinetic parameters were determined by non-linear
regression using the Graphpad Prism (GraphPad Inc.).

Analyses of DNA Unwinding

To obtain the kinetic parameters associated with DNA
unwinding by nspl3, the fraction of unwound DNA was
plotted against time. Data fitting was carried out by non-
linear regression to single-exponential equation using
Prism 5.0 (GraphPad Inc.), as described below.

Fraction (ssDNA) = A.(1-e *) +n

where A is the amplitude that corresponds to the maximum
fraction of ssDNA that can be generated enzymatically from
the substrates. k is the pseudo first-order rate constant of
DNA unwinding; t is the reaction time, and n is an additive
constant representing the amount of ssDNA present before
the reaction started.

Determination of K . . .

To determine the binding affinity of GST-nsp13 and H.-
nspl3 for nucleic acid we performed gel mobility shlft
assays. We measured the binding of 60/40-mer (20ss:40ds)
DNA substrates at various concentrations of GST-nsp13
or H,-nspl3in a reaction mixture containing 20 mM
HEPES pH 7.5, 20 mM NaCl, 5 mM MgCl, 1 mM DTT,
0.1 mg/ml BSA and 5% glycerol at 30°C for 20 minutes.
The concentration for each of the 5°-Cy3-labeled dsDNA
substrates was 5 nM. Samples were electrophoresed at 100
V for 1.5 h at 4°C on a 6% non-denaturing polyacrylamide
gel, using 89 mM Tris-Borate pH 8.2. Gels were scanned
in a Phosphorlmager and quantitated by ImageQuant
(Amersham) (two independent experiments). The percent
enzyme-dsDNA binding was calculated by quantifying the
amount of uncomplexed dsDNA in each lane (experiments
performed twice). Percent binding values were used to
determine the K . by interpolation, using non-linear
regression for one-site binding (hyperbola) using the
Prism software.

UV-Mediated DNA Cross-linking with nsp13

To assess if GST-nsp13 and H -nsp13 binds DNA as a
monomer or oligomer we used UV mediated photo cross-
linking of 60/40-mer (20ss:40ds) DNA to nsp13. Varying
concentrations of nsp13 (0.25, 0.50, 1 and 2 uM) were
incubated with 100 nM of 5’-Cy3-labeled 60/40-mer
(20ss:40ds) DNA in a buffer containing 20 mM HEPES,
pH 7.5, 20 mM NaCl, 5 mM MgCl,, I mM DTT, 0.1 mg/
ml BSA, and 5% glycerol, at 30°C, for 20 minutes. The
samples were exposed to UV light (254 nm) at a dose rate
of 125 mJ/cm? for 3 min using a BioRad GS Gene Linker
UV chamber (BioRad Laboratories, CA), as described
previously (46, 51). Measurement of covalent attachment
of labeled 60/40-mer DNA to enzyme (two independent
experiments) was assessed by 8% SDS-PAGE. Bands
corresponding to nspl3 cross-linked to 60/40-mer were
visualized by a FLA-5000 phosphoimager.

Molecular Modeling of SARS-CoV Helicase
To better understand the location of conserved motifs
and residues that are involved in ATP hydrolysis (Walker
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motifs A and B), we generated a homology-based
molecular model of SARS-CoV helicase using the crystal
structures of human Upfl (8) (PDB file 2XZL) and E.coli
Rep helicase (22) (PDB file 1UAA) as template-structures.
The sequence alignment was generated by Multiple
Sequence Viewer tool of Schrodinger Suit (Schrodinger
LLC, NY). Initial homology model was predicted by
Prime (Schrodinger LLC, NY) using conserved blocks of
sequences. Prime was alsoused to predict the structure of
gaps in multiple sequence alignment. Two metals (Zn*")
in nsp13 model were docked using Induced Fit Docking
program of Schrodinger Suit. The side chains of Cys
and His residues were manually adjusted to form metal
coordination with zinc ions. The structure was further
minimized for 1000 iteration using OPLS 2005 force field
of Schrodinger Suit.

RESULTS AND DISCUSSION

Comparison of GST-nspl3and H -nspl3 Nucleic Acid
Unwinding Activities

To investigate whether the GST- or H -tags at the
N-terminus have any effect on the nucleic acid unwinding
activities of nsp13, we compared the rate of nucleic acid
unwinding by GST-nsp13 and H -nspl3, by performing
pre-steady state kinetics to monitor the unwinding of
31/18-mer (13ss:18ds) DNA substrate in the presence
of GST-nsp13 or H,-nsp13. Although, nsp13 is an RNA
helicase, we used DNA substrate since it has been reported
that nsp13 unwinds DNA and RNA in a similar manner
(my paper). These experiments were carried out using a
rapid chemical quench flow instrument, which allows
for the rapid mixing and quenching of reactions on the
millisecond timescale. The DNA substrate (5 nM final
concentration) was preincubated with GST-nsp13 or H,-
nspl3 in one syringe, with Mg?* (5 mM) and ATP (2 mM
final concentration) in the other syringe. After mixing and
incubating for times ranging from 0 to 0.5 second for GST-
nspl3 or 0-150 seconds for H -nsp13, the reactions were
quenched, and samples were run on a native gel to separate
the Cy3-labeled 18-mer product from the unwound 31/18-
mer (13ss:18ds) DNA substrate. The fraction of 18-mer
product formed was graphed as a function of time and the
data were fit by nonlinear regression to the exponential
equation with a rate constant of 24 = 2.1 s™! for GST-nsp13
and 0.10+0.01 s for H,-nsp13, indicating that GST-nsp13
is faster than H,-nsp13 by more than 200 folds (Fig. 1).
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Figure 1. Comparison of unwinding activity of GST- and H- nsp13
variants. Comparison of the helicase activity at varying time points for
GST-nsp13 (Glutathione SepharoseTransferase-tagged nsp13, Panel A),
and H-nsp13 (hexahistidine-tagged nsp13, Panel B) using 100 nM of
each enzyme and 5 nM 31/18-mer (13ss:18ds) as substrate at 30°C. The
products were separated and analyzed by 6% non-denaturing PAGE.
The fraction of unwound DNA was plotted against time and the kinetic
parameters were determined by non-linear regression to the exponential
equation using the Graphpad Prism

Comparison of GST-nsp13 and H ~nsp 13 ATP Hydrolysis

To evaluate the ATPase activity of GST-nsp13 and H,-
nspl3, we investigated the amount of ATP hydrolyzed
by each construct at different time points. We incubated
GST-nsp13 or H.-nsp13 (100nM) with y-*> ATP (50uM)
for various time points (0.01-0.25 s) andthe reactions
were analyzed by thin-layer chromatography. The results
presented in Fig. 2 show that more than 50% of the ATP
has been hydrolyzed by GST-nsp13 at 0.25s, whereas, less
than 10% of ATP has been hydrolyzed by H -nsp13 at the
same time point.
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Figure 2. Hydrolysis of ATP by GST-nsp13 and H_-nsp13. A) GST-
nsp13 or B) H.-nsp13 was incubated with y**P-ATP (50 uM) for vari-
ous reaction times. The reaction products were separated by thin-layer
chromatography and visualized by autoradiography.

GSTnspl3 and H-nspl3 have Similar Binding Affinity
for Nucleic Acids.

Since GSTnspl3 and H-nspl3 exhibit significant
differences in their catalytic activities, we opted to
determine if they also demonstrate such differences in
their binding capacity for nucleic acid. We performed gel
mobility shift assays to analyze the binding of 60/40-mer
(20ss:40ds) DNA substrate with various concentrations of
GST-nsp13 or H,-nsp13. The concentration for the 5°-Cy3-
labeled dsDNA substrate was 5 nM. As shown in Fig. 3,
the two constructs of nsp13 bind DNA in a similar manner
indicating that the differences in the catalytic activities of
the two constructs did not result from nucleic acid binding
and that the mode and affinity of nsp13 binding to nucleic
acid substrate is not affected by the H - or GST- tags. The K |
ona Values for 60/40-mer and 53/40-mer were 9.4 and 20
nM, respectively, determined by plotting the concentration
of enzyme against that of complexed DNA and fitting the
data to the hyperbolic curve shown in Fig. 4.

GSTnspl3 and H-nspl3 Bind Nucleic Acid as a
Monomer

Viral helicases have been known to exist and function
in various oligomeric states, including monomers, dimers,
trimers or hexamers (33). To ascertain the oligomeric state
of nspl13 we used a photochemical cross-linking assay.
UV-irradiation of a mixture of nsp13 and 60/40-mer DNA
resulted in the formation of a covalent complex. The
covalently linked nsp13-DNA complex migrated in an
SDS-PAGE denaturing gel as a single species of ~125 kDa
molecular weight for GST-nsp13 and ~100 kDa molecular
weight for H.-nspl3, corresponding to a monomer of
nspl3 bound to a single 60/40-mer oligonucleotide (Fig.
4). Since, we did not observe any supershifts at higher
protein concentrations in the gel shift assay, it implies that
nspl3 binds its substrate as a monomer regardless of the
tags.

117



A. O. ADEDEII et al. / Differential activities of SARS-CoV helicase.

% of nsp13 complexed to DNA

L) T L) L
100 150 200 250

nsp13 (nM)

A
0 50

Figure 3. Binding affinity of GST-nsp13 and H -nsp13 determi-
ned by gel shift assay. Different concentrations of GST-nsp13(A)
or H,-nsp13(m) were incubated with 5 nM 5" Cy3-labeled 60/40-mer
(20ss:40ds) in 20 mM HEPES (pH 7.5), 20 mMNaCl, 5 mM MgCl,,
1 mM DTT, 0.1 mg/ml BSA and 5% glycerol at 30°C for 20 min. The
samples were then resolved in a native 6% polyacrylamide gel. The-
percent of nsp13-DNA complex (two independent experiments) was
determined and plotted against the concentration of unliganded GST-
nsp13 and fitted to a one-site binding hyperbola using GraphPad Prism

to determine K

Structure of SARS-CoV Helicase

In the absence of the crystal structure of SARS-CoV
nspl3, we constructed the molecular model of this enzyme
using the crystal structures of human Upf1 (8) and E.coli Rep
helicase (22). Human Upfl (up-frameshift 1) is a nucleic
acid-dependent ATPase and possesses a 5’-to-3 helicase
activity. It is known to play central role in cytoplasmic
RNA quality control. The E.coli Rep helicase is a ATP-
dependent 3’-to-5" helicase. The sequence alignment
showed that nsp13 has 30 and 26 % sequence identity with
Upfl and Rep helicase, respectively sequence annotation
by Ivanov et al., (19) have shown that SARS-CoV nspl3
can be divided into three domains: (i) N-terminal Zn?*
binding domain (ZBD) and (ii) hinge domain and (iii)
helicase domain. The Zn** binding domain has 12 Cys/
His conserved residues, which can bind at least four Zn*
ions. Figure 5 shows the overall all fold of nsp13. ZBD
(orange) and hinge domain (lime) are shown in Figure 5A.
The helicase domain is shown in Figure 5B. The helicase
domain has six conserved motifs. Two of these motifs are
called Walker A motif (GXXXXGK(T/S) (green), which
contains a conserved Lys residue. Walker B motif (R/K)
XXXXGXXXXLhhhhDE) (blue) contains an Asp and
a Glu residue is shown in blue. Both Lys in Walker A
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Figure 4. UV-mediated photochemical cross-linking of GST-nsp13 and H -nsp13 to Cy3-labeled 60/40DNA/DNA. 100 nM of Cy3-labeled
60/40-mer (20ss:40ds) DNA was cross-linked to increasing amounts of nsp13 (0.25, 0.5, and 1 and 2 uM) as described in the Experimental Pro-
cedures. The cross-linked species were resolved on 8% SDS-PAGE and the bands corresponding to GST-nsp13 (left panel) and H -nsp13 (right
panel) cross-linked to 60/40-mer DNA were visualized by a Fuji FLA-5000 phosphorimager. The positions of molecular weight markers in the
same gel were determined by brilliant blue-coomassie staining. The band corresponding protein-DNA crosslinked adduct migrated as ~125 kDa
and 100 kDa complexes, in line with GST-nsp13 and 125 H,-nsp13 monomers respectively, cross-linked to the 60-40mer.
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Helicase Domain

Figure 5. Predicted Structure of nsp13: This figure shows overall fold of nsp13 helicase structure.Panel A shows the backbone of Zn** binding
region (orange) and hinge region (lime). Six conserved motifs of helicase domain are shown in different colors: motif I (Walker A), green; motif 11,
orange; motif III, blue; motif IV, yellow; motif V, magenta and motif V, red. The residues most likely to involve in ATP hydrolysis (K288, D374

and D375) are rendered as ball-and-stick.
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and Asp/Gluin motif II are known to participate in ATP-
hydrolysis by DNA/RNA helicases. The conserved motifs
are and appear to be located in a channel like structure.
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