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Preliminary crystallographic characterization of an

RNA helicase from Kunjin virus

Kunjin virus is a member of the Flavivirus genus and is an Australian variant of
West Nile virus. The C-terminal domain of the Kunjin virus NS3 protein displays
helicase activity. The protein is thought to separate daughter and template RNA
strands, assisting the initiation of replication by unwinding RNA secondary
structure in the 3’ nontranslated region. Expression, purification and
preliminary crystallographic characterization of the NS3 helicase domain are
reported. It is shown that Kunjin virus helicase may adopt a dimeric assembly in
absence of nucleic acids, oligomerization being a means to provide the helicases
with multiple nucleic acid-binding capability, facilitating translocation along the
RNA strands. Kunjin virus NS3 helicase domain is an attractive model for
studying the molecular mechanisms of flavivirus replication, while simulta-
neously providing a new basis for the rational development of anti-flaviviral
compounds.

1. Introduction

Positive-strand RNA viruses include the large Flaviviridae family
responsible for widespread diseases of man and animals. The virus
genome consists of a single-stranded RNA with positive polarity;
following infection of the host cells, the viral genome is transcribed to
negative-strand RNA. The daughter virus genomic RNA is subse-
quently synthesized using the negative strand as template. To main-
tain proper viral replication, the nascent transcripts must be unwound
from their complementary template RNA soon after transcription.
However, both the positive and negative strands of template RNA
are highly structured, especially at the 5’ and 3’ termini. Thus, to
synthesize RNA the virus-replication machinery must be able to
unwind the RNA secondary structure in the template RNAs.

The Flaviviridae family is composed of three different genera
(Hepacivirus, Pestivirus and Flavivirus), the latter being the largest
and including more than 70 different viruses, of which more than half
have been shown to be pathogenic to humans. The flavivirus genome
encodes a 370 kDa polyprotein precursor, which is inserted into the
membrane of the endoplasmic reticulum and processed by cellular
and viral proteases to yield three mature structural proteins (C, M
and E) and seven nonstructural proteins (NS1, NS2A, NS2B, NS3,
NS4A, NS4B and NS5) (Fields et al., 2001). The C-terminal 440 amino
acids of NS3 code for a protein endowed with helicase activity
(Ferron et al., 2005). Although the precise biological functions of this
encoded protein are unknown, it is thought to separate RNA
daughter and template strands, assisting the initiation of replication
by unwinding the RNA secondary structure in the 3’ nontranslated
region (NTR; Takegami er al., 1995). Little is known about the
unwinding mechanism of flavivirus helicases, including their specifi-
city for DNA and/or duplex RNA and requirement for a 3’ or 5
overhang.

Kunjin virus (KUNV) is an Australian variant of West Nile virus.
KUNV was first isolated from Culex annulirostris mosquitoes
collected in north Queensland in 1960 (Scherret et al., 2001). Multiple
sequence alignments show that KUNV-helicase displays the seven
conserved sequence motifs of the helicase superfamily 2 associated
with NTP hydrolysis and nucleic acid binding (Caruthers et al., 2002)
(Fig. 1). In particular, the most conserved motifs, | (GAGKTRR) and
II (DEAH), also known as Walker A and Walker B motifs (Walker et
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al., 1982), are located in the amino-terminal region of KUNV-
helicase, as reported for dengue virus helicase, where they interact
with the NTP substrate and Mg>", respectively (Xu et al., 2005).

We have expressed, purified and crystallized the C-terminal heli-
case domain of KUNV NS3 (434 residues; KUNV-helicase). Here, we
report the characterization of the protein crystals together with data
from preliminary X-ray diffraction experiments. We show that
contrary to other flavivirus helicases reported to date (Wu et al., 2005;
Xu et al., 2005), KUNV-helicase may be dimeric even in the absence
of nucleic acids. Oligomerization has been proposed as a means to
provide helicases with multiple nucleic acid-binding capability,
facilitating the translocation of the protein along the RNA strands

(Cho et al., 1998; Velankar et al., 1999). Insight into the crystal
structure of KUNV-helicase may shed new light on the molecular
mechanisms of flavivirus replication and provide a new basis for the
rational development of anti-flaviviral compounds.

2. Materials and methods
2.1. Preparation of biological material

KUNYV strain MRM-16 was propagated into SW13 human cells
cultured as monolayers at 310 K under 5% CO, in Eagle’s minimum
essential medium with 10% calf serum and penicillin G, kanamycin
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tick-borne KGQITVLDMHP LPELIRQCIDRRLRTLVLAPTRVVLKEMERALNGKRVRFHS 60

* *::*:***:***:: * % 3 & 1 H * Kk K ‘k**‘k*** * % .*:.* 5 e

I Ia
kunjin SAVAREHNGNEIVDVMCHATLTHRLMSPHRVPNYNLE'V! FTDPASIAARGYISTRV 120
west SAVHREHSGNEIVDVMCHATLTHRLMSPHRVPNYNLE I FTDPASIAARGYIATKV 120
dengue PAIRAEHTGREIVDLMCHATFTMRLLSPIRVPNYNLII FTDPASIAARGYISTRV 120
yellow QAFSAHGSGREVIDAMCHATLTYRMLEPTRVVNWEVII FLDPASIAARGWAAHRA 120
tick-borne PAVSDQQAGGAIVDVMCHATYVNRRLLPQGRQNWEVAI TDPHSIAARGHLYTLA 120
* B * ok k ok ok ok . * g * *::: ***** *k kok ok ok ok ok
II

kunjin ELGEAAAIFMTATPPGTSDPFPESNAPISDLOTEIPDRAWNSGYEWITEYIGKTVWEVPS 180
west ELGEAAAIFMTATPPGTSDPFPESNAPISDMOTEIPDRAWNTGYEWITEYVGKTVWEVPS 180
dengue EMGEAAGIFMTATPPGSRDPFPQSNAP IMDEEREIPERSWNSGHEWVTDFKGKTVWEVPS 180
yellow RANESATILMTATPPGTSDEFPHSNGEIEDVQTDIPSEPWNTGHDWILADKRPTAWELPS 180
tick-borne KENKCALVLMTATPPGKSEPFPESNGAITSEERQIPDGEWRDGFDWITEYEGRTAWEVPS 180

DK i kokkkkokk | Kk Kk k. kk Kk ok ok KKK kK

i v
kunjin VKMGNEIALCLQRAGKKVIQLNRKSYETEYPKCKNDDWDFVVITDISEMGANFKASRVID 240
west VKMGNEIALCLQRAGKKVIQLNRKSYETEYPKCKNDDWDFVITTDISEMGANFKASRVID 240
dengue IKTGNDIAACLRKNGKRVIQLSRKTFDSEYVKTRTNDWDFVVITDISEMGANFKAERVID 240
yellow IRAANVMAASLRKAGKSVVVLNRKTFEREYPTIKQKKPDF ILATDIAEMGANLCVERVLD 240
tick-borne IAKGGAIARTLRQKGKSVICLNSKTFEKDYSRVRDEKPDFVVTTDISEMGANLDVSRVID 240

:* *:: * x * *' *::: :* 2 .. ** *** ***** ** *

\4
kunjin SRKSVKPTIITEGEGRVILGEPSAVTAASAAQRRGRTGRNP SQAGDEYCYGGHTNEDDSN 300
west SRKSVKPTIIEEGDGRVILGEPSAITAASAAQRRGRIGRNP SQVGDEYCYGGHTNEDDSN 300
dengue PRRCMKPVILTDGEERVILAGPMPVTHSSAAQRRGRIGRNPRNENDQYIYMGEPLENDED 300
yellow CRTAFKPVLVDEGR-KVAIKGPLRISASSAAQRRGRIGRNPNRDGDSYYYSEPTSENNAH 299
tick-borne GRTNIKP---EEVDGKVELTGTRRVTTASAAQRRGRVGRODGR— TDEYIYSGQCDDDDSG 296
* ** H :* . " .. ******** ** * *  x r- 3-8
VI
kunjin CAHWTEARIMLDNINMPNGLIAQFYQPEREKVYTMDGEYRLRGEERKNFLELLRTADLPV 360
west FAHWTEARIMLDNINMPNGLVAQLYQPEREKVYTMDGEYRLRGEERKNFLEFLRTADLPV 360
dengue CAHWKEAKMLLDNINTPEGIIPSIFEPEREKVDAIDGEYRLRGEARKTFVDLMRRGDLPV 360
yellow HVCWLEASMLLDNMEVRGGMVAPLYGVEGTKTPVSPGEMRLRDDQRKVFRELVRNCDLPV 359
tick-borne LVQWKEAQILLDNITTLRGPVATFYGPEQDKMPEVAGHFRLTEEKRKHFRHLLTHCDFTP 356
* kK us *** S ok * * *. * % ** % . *:.

kunjin WLAYKVAAAGVSYHDRRWCFDGPRTNTILEDNNE-VEVITKLGERKILRPRWIDARVYSD 419
west WLAYKVAAAGISYHDRKWCFDGPRTNTILEDNNE-VEVITKLGERKILRPRWADARVYSD 419
dengue WLAYKVAAEGINYADRRWCFDGTRNNQILEENVE-VEIWTKEGERKKLKPRWLDARIYSD 419
yellow WLSWQVAKAGLKTNDRKWCFEGPEEHEILNDSGETVKCRAPGGAKKPLRPRWCDERVSSD 419
tick-borne WLAWHVAANVSSVTDRSWIWEGPEANAVDEASGDLVTFRSPNGAERTLRPVWKDARMFKE 416

Kok oy s kK *k k. ek . .k . kak ok Kk k.

kunjin HQALKSFKDFASGKR 434
west HQALKSFKDFASGKR 434
dengue PLALKEFKEFAAGRK 434
yellow QSALSEFIKFAEGRR 434

tick-borne

Figure 1

GRDIKEFVAYASGRR 431
T

Structural alignment of Flavivirus helicase domain of Kunjin virus (kunjin), West Nile virus (west), dengue virus (dengue), yellow fever virus (yellow) and tick-borne
encephalitis virus (tick-borne). The conserved motifs among superfamily 2 helicases are indicated in pink (motif I), green (motif IT) and grey (motifs Ia, III, IV, V and VI).
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and streptomycin at 100 TU ml™!, 100 pgml~" and 100 pgml™",
respectively. Viral RNA was isolated using the EZ1 Virus Mini Kit
(Qiagen) onto Biorobot EZ1 automat (Qiagen) according to the
manufacturer’s recommendations.

2.2. Expression and purification

Classical one-step RT-PCR reactions were carried out with the
Access RT-PCR System (Promega) and primers KUN-NS3-S1 (5'-
AACATCAGGCTCGCCCATAG, located in the protease domain of
NS3) and KUN-NS3-R2 (5-TAGCTCCTCCAAAGCCATTCT,
located in the NS4A gene). A 1600 bp PCR product was obtained
that includes the complete helicase domain. It was re-amplified using
Gateway-modified primers (KUN-He-HN-S, 5-GGGGACAAGTT-
TGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCATG-
AAACATCACCATCACCATCACAAAAAACAGATCACCGTTT-
TGGATCTT, KUN-He-HN-R, 5-GGGGACCACTTTGTACAA-
GAAAGCTGGGTATTAGCGCTTCCCTGAGGCGAAGTCCTT,
nucleotides in bold correspond to viral sequences) designed to
encode an N-terminal Hise-tagged recombinant protein spanning
amino acids 186-620 of the NS3 gene (i.e. the complete helicase
domain up to the NS3-NS4A cleavage site). This product was
subsequently cloned into pDEST 14 HN expression vector (Invi-
trogen). The construct was transformed into Escherichia coli Rosetta
(DE3) pRos strain. The cells were grown at 310 K in 31 SB medium
containing 100 pg ml~" ampicillin and 34 pg ml™" chloramphenicol to
an ODyggo of 0.5. Upon induction with 0.5 mM isopropyl B-p-thio-
galactopyranoside (IPTG), the incubation temperature was lowered
to 290 K and cells were grown for an additional 16 h. Cells harvested
by centrifugation were resuspended in 80 ml lysis buffer [300 mM
NaCl, 50 mM Tris-HCl pH 8, 25 mM imidazole, 0.25 mg ml~" lyso-
zyme, Complete EDTA-free (Roche)] and stored at 193 K for 30 min.
The cells were thawed and lysed by sonication after the addition of
10 ug m1™' DNAse and 20 mM MgSO,. The lysate was clarified by
centrifugation at 23 000g for 1h at 277 K. The supernatant was
loaded on a metal-affinity HisTrap HP column (GE Healthcare);
recombinant KUNV-helicase, eluted at 250 mM imidazole, was
subsequently loaded onto a HilL.oad 16/60 Superdex 200 column. The
protein was then eluted using 100 mM NaCl, 1 mM DTT, 10 mM
Bicine pH 8.5 and concentrated to 4 mg ml™" for crystallization tests
using an Amicon Ultra centrifugal filter (10 kDa cutoff).

2.3. Dynamic light scattering

The purified KUNV-helicase was centrifuged at 13 000g for 10 min
prior to DLS analysis; all measurements were carried out at 293 K
using a DynaPro instrument (Protein Solutions, Charlottesville,
USA). The DLS data showed that the protein was 13.9% poly-
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Figure 2

Representative DLS intensity particle-size distribution of KUNV-helicase
(4 mg ml™") in 100 mM NaCl, 1 mM DTT, 10 mM Bicine pH 8.5.

Table 1
X-ray data-collection and refinement statistics for KUNV-helicase.

Values in parentheses are for the highest resolution shell.

Space group 2

Unit-cell parameters (A, °) a=172.1,b =381,
c=148.1, B =969

Resolution (A) 40.00-3.00 (3.16-3.00)

Mosaicity (°) 0.6

No. of unique reflections 19765 (2865)

Completeness (%) 99.8 (99.8)
Redundancy 33

Ryt 16.7 (74.6)
Average I/o(I) 10.3 (2.8)
R factori (%) 33.8

Riree$ 42.6

T Rym= Yon 2w — () 1/ 20 > (L), where I, is the /th observation of reflection h and
(Iy) is the average intensity for all observations / of reflection h. # R factor =
S IF, — F|/Y_IF,] x 100. § Ry is calculated from 5% randomly selected reflections
for cross-validation.

disperse and thus suitable for crystallization, as described by Ferré-
D’Amaré & Burley (1994) and Zulauf & D’Arcy (1992), displaying a
hydrodynamic radius of 4.0 nm (Fig. 2). The extrapolated molecular
weight of the protein is approximately twice that of a single KUNV-
helicase chain.

2.4. Crystallization

Crystals of KUNV-helicase were grown in vapour-diffusion crys-
tallization experiments assembled using an Oryx-6 crystallization
robot (Douglas Instruments, East Garston, UK) from a 2:1 mixture of
protein and reservoir solution. The 0.3 pl crystallization droplets
were deposited in 96-well Corning Crystalex Round plates (Hampton
Research); each well contained 100 pl of the selected precipitant
solution. The screening solutions used for the experiments were those
of Crystal Screens I and II and Index Screen from Hampton Research
(Aliso Viejo, CA, USA) and of JBScreening Classic 2 and 4 (Jena
Bioscience GmbH, Jena, Germany). All crystallization trials were
performed at 293 K. Very small needle-shaped crystals were obtained
after 1 d of vapour diffusion against 30%(w/v) PEG 4000 and 0.2 M
sodium acetate, 0.1 M Tris-HCl pH 8.5. After optimization of the
growth conditions [reservoir containing 10%(w/v) PEG 4000, 0.2 M
sodium acetate, 0.1 M Tris-HCI pH 8.5, using the same experimental
setup described above], KUNV-helicase crystals grew as thin elon-
gated plates in 5-7 d to dimensions of up to approximately 200 x 30
X 10 pm.

3. Results and discussion
3.1. X-ray data collection and crystal characterization

For data collection, crystals were harvested into a cryoprotectant
solution [20% (w/v) PEG 4000, 0.2 M sodium acetate, pH 8.5 and 20%
glycerol] before being flash-cooled in liquid nitrogen. Diffraction
intensities were recorded on beamline ID23-1 at the European
Synchrotron Radiation Facility (ESRF-Grenoble, France). The native
crystals diffracted to a maximum resolution of 3.0 A. The diffraction
data were processed with MOSFLM (Steller et al., 1997) and inten-
sities were merged using SCALA (Collaborative Computational
Project, Number 4, 1994). Analysis of the diffracted intensities indi-
cates that KUNV-helicase crystals belong to the monoclinic space
group C2, with unit-cell parameters a = 172.1, b = 38.1, ¢ = 148.1 A,
B = 96.9°. The calculated crystal-packing coefficient (Vyy =
2.5 A3 Da™') indicates the likely presence of two KUNV-helicase
molecules in the asymmetric unit, with a corresponding solvent
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content of 49.7% (Matthews, 1968). X-ray data-collection statistics
are summarized in Table 1.

3.2. Molecular-replacement search

The crystal structure of KUNV-helicase could be solved by the
molecular-replacement method using the program MOLREP (Vagin
& Teplyakov, 1997). The search model coordinates were those of the
dengue virus helicase structure (PDB code 2bmf; the full protein
model was used without residue mutations), locating two molecules
of KUNV-helicase in the asymmetric unit in agreement with the DLS
analysis results. The two independent molecules were subjected to
rigid-body refinement and subsequently partially refined (Rye, =
33.8%, Riee = 42.6%, at 3 A resolution) using REFMACS (Winn et
al., 2001).
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