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Abstract NS3 proteins of £aviviruses contain motifs which in-
dicate that they possess protease and helicase activities. The
helicases are members of the DExD/H box helicase superfamily
and NS3 proteins from some £aviviruses have been shown to
possess ATPase and helicase activities in vitro. The Q motif is a
recently recognised cluster of nine amino acids common to most
DExD/H box helicases which is proposed to regulate ATP bind-
ing and hydrolysis. In addition a conserved residue occurs 17
amino acids upstream of the Q motif (‘+17’). We have analysed
full-length and truncated NS3 proteins from Powassan virus (a
tick-borne £avivirus) to investigate the role that the Q motif
plays in the hydrolysis of ATP by a viral helicase. The Q motif
appears to be essential for the activity of Powassan virus NS3
ATPase, however NS3 deletion mutants that contain the Q
motif but lack the ‘+17’ amino acid have ATPase activity albeit
at a reduced level.
0 2003 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction

Powassan virus (POWV), like other members of the Flavi-
viridae family, is enveloped with a positive sense RNA ge-
nome [1]. It is a tick-borne £avivirus found primarily in Rus-
sia and North America. Sequence analysis indicates that the
genome encodes a single polyprotein of V3400 amino acids
which contains the proteins in the order NH2-C-prM-E-NS1-
NS2A-NS2B-NS3-NS4A-NS4B-NS5-COOH [2]. C, prM and
E are the structural proteins and are incorporated into virus
particles, the remainder are non-structural (NS) proteins in-
volved in virus replication and polyprotein processing.
The NS3 proteins of £aviviruses are multifunctional and are

involved in polyprotein processing and replication of the viral
RNA. The N-terminal third of NS3 contains a serine protease
whereas the C-terminal two-thirds contains an ATPase/heli-
case. Both of these activities are essential for £avivirus repli-
cation [3]. Protease, ATPase and helicase activities have been
demonstrated in vitro with recombinant NS3 derived from a
number of £aviviruses [4^10].
Conserved motifs within the ATPase/helicase domain of

NS3 proteins from £aviviruses identify them as RNA helicases
that belong to the DExD/H box superfamily of proteins.

DExD/H box proteins are involved in most, if not all, pro-
cesses involving RNA molecules including transcription, edit-
ing, splicing, RNA export, RNA turnover and translation
[11]. The motifs present in DExD/H box RNA helicases are
responsible for binding of the RNA and ATP substrates and
linking hydrolysis of the ATP to unwinding of the dsRNA.
Recently a new motif, the Q motif, has been identi¢ed in

DExD/H box helicases and has been proposed to regulate
ATP binding and hydrolysis [12]. This motif is composed of
a cluster of nine amino acids (aa) about 21 aa upstream of the
previously characterised motif I or Walker A motif, [13] and
contains an invariant glutamine (Q). At a position approxi-
mately 17 aa upstream of the Q motif there is another residue
(‘+17’), usually F, W or Y in these RNA helicases, which is
also thought to function in ATP binding and hydrolysis [12].
In this study we present the results obtained from analysis

of the ATPase and helicase activities of full-length and trun-
cated POWV NS3 expressed in Escherichia coli. The truncated
NS3 proteins had progressively larger deletions to the pro-
tease domain and to residues in and around the Q motif
(Fig. 1). The e¡ects of these deletions on the ATPase activities
of the proteins are detailed and a fuller analysis of the ATPase
activities of the full-length and largest truncated NS3 proteins
are described.

2. Materials and methods

2.1. Generation of POWV NS3 expression constructs
Viral RNA (vRNA) was extracted from 20% brain homogenate

from a POWV-infected mouse following clari¢cation of the serum
by centrifugation for 5 min at 13 000Ug. 100 Wl of supernatant was
mixed with 1 ml of Catrimox (Iowa Biotechnology) in an RNase-free
Eppendorf tube, incubated at room temperature for 40 min and spun
at 13 000Ug for 10 min at room temperature. The supernatant was
removed and the pellet was resuspended in 0.5 ml 2 M LiCl to dis-
solve DNA and dsRNA. The single-stranded (ss) RNA was then
pelleted by centrifugation at 13 000Ug for 5 min at room temperature,
washed with 70% ethanol (ice-cold) and resuspended in 25 Wl nucle-
ase-free water.
Reverse transcription (RT) of vRNA was carried out using the

RETROscript kit for RT-polymerase chain reaction (PCR) (Ambion)
as described in the manual and the resulting cDNA was then used for
PCR ampli¢cation of the NS3 gene.
Full-length POWV NS3 was ampli¢ed by PCR using the sense

primer P3F (5P-GGTCGTCATATGACTGACCTGGTTTTTTCA-
GGG-3P) and the antisense primer P3R (5P-GCAGCCGGATCCT-
CACCTACGACCGGAAGCG-3P) which were designed to introduce
a 5P NdeI restriction site and a 3P BamHI restriction site (all primers
were from Sigma-Genosys). PCR was carried out in a volume of 50 Wl
containing 10 units of Expand polymerase (Roche), 1Uhigh ¢delity
bu¡er (supplied with the polymerase), 5 Wl cDNA, 30 pmol each
primer and 200 WM of each nucleotide (A, C, G and T) for 4 min
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at 94‡C followed by 25 cycles of 1 min at 60‡C, 2 min at 72‡C and
1 min at 94‡C. The 1.9 kb PCR product was then ligated into pGEM-T
Easy vector using the enzyme provided with the vector (Promega) and
the ligation was used to transform Top10 E. coli (Invitrogen). Insert-
containing clones were selected by blue/white screening and the full-
length POWV NS3-containing clones were con¢rmed by sequencing.
A full-length clone of the correct sequence was then used for PCR
ampli¢cation of truncated NS3 sequences (with deletions to the 5P end
of the NS3 coding sequence) using the same antisense primer as that
used for ampli¢cation of the full-length sequence (P3R) and the fol-
lowing sense primers: P3TF1 (5P-GGTCGTCATATGGATGTG-
CTGGGTCTGTAC-3P), P3TF2 (5P-GGTCGTCATATGGGTCGT-
CATATGAGCATTGCTCAGGGCAAT-3P) and P3T3F (5P-GGT-
CGTCATATGCAGGGTGGCAAATGGACA-3P). PCRs were car-
ried out in exactly the same manner as the full-length ampli¢cation
but 200 ng of template plasmid was used instead of 5 Wl cDNA. PCR
products were ligated into pGEM-T Easy, selected by blue/white
screening and sequenced. The full-length and truncated NS3 sequen-
ces were excised from the vectors with NdeI and BamHI and ligated
into pET16b which had been similarly digested. To con¢rm that the
correct inserts were present in the vector, sequence analysis of the
insert/vector junction sequences was carried out.

2.2. Expression, isolation and refolding of recombinant proteins
Full-length and truncated POWV NS3 expression constructs and

L-gal pET16b expression vector (Novagen) were used to transform
JM109(DE3) E. coli (Promega). Induction of recombinant NS3 pro-
tein expression, inclusion body isolation, solubilisation and refolding
were carried out as previously described [14].

2.3. ATPase, band shift and DNA helicase assays
Radioactive and malachite green ATPase assays were carried out as

previously described [14,15]. Band shift assays were carried out using
the helicase substrate and band shift conditions as previously de-
scribed [14,15]. The double-stranded (ds) DNA unwinding assay was
carried out using the substrates described in [16] under the conditions
described in [17].

3. Results

3.1. Expression of full-length and truncated POWV NS3 in
E. coli

Full-length and truncated NS3 proteins were expressed in
E. coli, puri¢ed as inclusion bodies and solubilised. Expression
of NS3 was con¢rmed by sodium dodecyl sulfate^polyacryl-
amide gel electrophoresis (SDS^PAGE) and Western blotting
(Fig. 2).
The observed size of the full-length NS3 protein was V70

kDa and the truncated proteins (v1, v2 and v3) were 53, 51
and 49 kDa respectively which is consistent with the expected
sizes. Smaller immunoreactive species were observed in each
of the refolded NS3 samples. A similar pattern of degradation

has also been observed following prokaryotic expression of
NS3 proteins from other £aviviruses [3,4].

3.2. ATPase activity of full-length and truncated POWV NS3
proteins

NS3 proteins from £aviviruses have been shown to possess
poly(U)-stimulated ATPase activity [3,4,10,18]. Full-length
and truncated POWV NS3 proteins were analysed for ATPase
activity in the absence and presence of poly(U) (Fig. 3). The
full-length and v1 NS3 proteins demonstrated poly(U)-stimu-
lated ATPase activity of similar magnitudes, the v2 NS3 pro-
tein had some poly(U)-stimulated ATPase activity and the v3
NS3 protein had no poly(U)-stimulated ATPase activity. In
the absence of poly(U) the full-length NS3 showed some ATP-
ase activity above that of the control but none of the trun-
cated proteins showed ATPase activity above that of the con-
trol.

3.3. Nucleic acid binding and helicase activities of POWV NS3
proteins

The ability of the POWV NS3 proteins to bind to and un-
wind dsDNA substrates was investigated. All the POWV NS3
proteins were capable of binding to a partially dsDNA sub-
strate (Fig. 4), however none of the proteins exhibited un-
winding of the dsDNA substrate (results not shown). Hepati-
tis C virus (HCV) NS3, which had been expressed and
refolded in the same manner, could unwind the substrate in
the same assay (Fig. 4). No helicase activity was detected in

Fig. 1. Diagram of the full-length (FL) and truncated (v1, v2 and
v3) POWV NS3 proteins used in this study. The positions of some
of the important amino acids within the helicase domain are indi-
cated.

Fig. 2. Coomassie blue-stained 10% SDS^PAGE gel (A) and West-
ern blot using Langat virus [1] speci¢c serum (B) of di¡erent pro-
teins expressed in JM109(DE3) and washed ¢ve times in phosphate-
bu¡ered saline. Lane M=molecular weight markers, 1= L-galactosi-
dase, 2= full-length Powassan NS3, 3 =v1 Powassan NS3, 4 =v2
Powassan NS3, 5=v3 Powassan NS3.

Fig. 3. ATP hydrolysis by recombinant proteins in the absence and
presence of poly(U) as calculated from the radioactive ATPase as-
say.
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the POWV NS3 proteins over a range of pH conditions (pH
6.25^8.5) (results not shown).

4. Discussion

ATPase/helicase activities of NS3 proteins from a number
of £aviviruses have been described [4^6,9,10]. The ATPase
activities of all the NS3 proteins described were stimulated
by the presence of poly(U). The ATPase activity of POWV
NS3 was also stimulated by poly(U). In the absence of poly-
nucleotide, full-length POWV NS3 had some residual ATPase
activity whereas v1, v2 and v3 POWV NS3 had little or no
ATPase activity above that of the control. These observations
may re£ect the fact that an interaction between the protease
and helicase domains may alter the properties of the ATPase/
helicase domain [3].
The ATPase activities of the full-length and v1 proteins in

the presence of poly(U) were comparable which was an ex-
pected result considering the v1 NS3 protein is predicted to
comprise the whole of the ATPase/helicase domain of POWV
NS3. There were no signi¢cant di¡erences in the observed
biochemical characteristics of the two proteins apart from
their sensitivities to poly(U) in the ATPase assays (results
not shown). The full-length protein required a greater concen-
tration of poly(U) to reach maximum ATPase activity, per-
haps because the protease domain hinders access to the RNA
binding sites within the full-length protein. v2 NS3 contained
all of the Q motif but not the amino acid 17 aa upstream of it
(‘+17’) which has a proposed role in the ATPase activity of
DExD/H proteins [12]. The v2 NS3 protein showed V15%
hydrolysis of the ATP substrate above the level of the control
in the presence of poly(U). v3 NS3 contained half of the
Q motif but still retained the Q residue itself, however it
showed no hydrolysis of the ATP substrate above that of
the control even in the presence of poly(U). These observa-
tions indicate that the residues upstream of the Q motif,
although important for ATPase activity, are not essential
for ATPase activity but that the Q motif itself is essential
for the ATPase activity of POWV NS3.
POWV NS3 was chosen to investigate the role of the

Q motif in the ATPase activity of a viral enzyme since the

Q residue in POWV NS3 is the same distance from the
Walker A motif as it is in the majority of DExD/H box
helicases [12]. Sequence analysis also indicates that POWV is
more similar to other DExD/H box proteins in the region of
the Q motif than NS3 proteins from Den-2 and HCV. In Den-
2 NS3 the nearest Q residue is 29 aa upstream of the Walker
A motif and in HCV NS3 there are two Q residues within a
10 aa portion upstream of the Walker A motif and none until
about 100 aa upstream.
Site-directed mutagenesis of amino acids within the Q motif

and of the ‘+17’ residue in eIF4A indicated that the Q motif
itself is more important to ATPase activity than the ‘+17’
residue [12]. In addition to this, studies on truncated Den-2
NS3 proteins, which took place before the Q motif was de-
scribed, indicate that the Q residue itself is more important
than the upstream residues for enzyme activity. A truncated
NS3 comprising the helicase domain including the Q motif
and nine upstream amino acids possessed helicase activity
whereas a similar protein, which was 20 aa shorter at the
N-terminus, had much poorer ATPase activity [20].
The results presented here using POWV NS3 proteins are

consistent with these observations. In the crystal structure of
eIF4A, domain I (Walker A motif), the Q motif and the ‘+17’
residue are in close proximity and form a pocket which can
bind the phosphates of ATP [19]. If a similar structure is
adopted by POWV NS3 then it is clear why the progressively
truncated proteins display their respective activities: v1 pos-
sesses the whole pocket therefore binds and hydrolyses ATP
like the full-length protein, v2 possesses part of the pocket
and can bind and hydrolyse ATP but with less e⁄ciency and
v3 does not contain the pocket and cannot bind and hydro-
lyse ATP.
It is possible that these truncated proteins displayed di¡er-

ent activities due to misfolding and/or deletion of other im-
portant unrecognised structures/motifs. Point mutations of
various residues in the Q motif could also have been used
to investigate the roles of di¡erent regions of the Q motif.
However, induced point mutations can also have profound
e¡ects on the folding of proteins and can lead to ambiguous
results in in vitro studies. For example mutation of certain
residues in Den-2 NS3, which were expected to reduce enzyme
activity, actually increased activity but abolished infectivity
when introduced into an infectious clone [3].
None of the POWV NS3 proteins possessed helicase activity

in dsDNA unwinding assays although HCV NS3 produced in
the same way did. The reasons POWV NS3 failed to exhibit
helicase activity when HCV NS3 did may be due to the fact
that NS3 proteins from £aviviruses have lower helicase activ-
ity in vitro [4,20] than NS3 from HCV [4,20^22] and that the
assay was not sensitive enough or that the POWV NS3 is
more selective in the substrates that it unwinds.
In conclusion, we have cloned and expressed full-length and

truncated POWV NS3 proteins and analysed their poly(U)-
stimulated ATPase activities. Although the full-length, v1 and
v2 proteins demonstrated poly(U)-stimulated ATPase and
dsDNA binding activities, none of them exhibited helicase
activity in dsDNA unwinding assays. Analysis of the ATPase
activities of the truncated proteins indicates the importance of
a recently described motif, the Q motif, in the ATPase activity
of POWV NS3. To our knowledge, this is the ¢rst time the
Q motif has been shown to be of importance for the ATPase
activity of a viral helicase.

Fig. 4. Autoradiograph of a band shift assay (10% acrylamide-TBE
gel) showing dsDNA (helicase substrate) binding by di¡erent pro-
teins. Lane 1=No protein, 2= 15 pmol HCV NS3, 3= 15 pmol full-
length Powassan NS3, 4 = 15 pmol v1 Powassan NS3, 5= 15 pmol
v2 Powassan NS3, 6 = 15 pmol v3 Powassan NS3, 7= 15 pmol
L-galactosidase.
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