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The involvement of host proteins in the replication and transcription of viral RNA is a poorly understood
area for many RNA viruses. For coronaviruses, it was long speculated that replication of the giant RNA genome
and transcription of multiple subgenomic mRNA species by a unique discontinuous transcription mechanism
may require host cofactors. To search for such cellular proteins, yeast two-hybrid screening was carried out by
using the nonstructural protein 14 (nsp14) from the coronavirus infectious bronchitis virus (IBV) as a bait
protein, leading to the identification of DDX1, a cellular RNA helicase in the DExD/H helicase family, as a
potential interacting partner. This interaction was subsequently confirmed by coimmunoprecipitation assays
with cells coexpressing the two proteins and with IBV-infected cells. Furthermore, the endogenous DDX1
protein was found to be relocated from the nucleus to the cytoplasm in IBV-infected cells. In addition to its
interaction with IBV nsp14, DDX1 could also interact with the nsp14 protein from severe acute respiratory
syndrome coronavirus (SARS-CoV), suggesting that interaction with DDX1 may be a general feature of
coronavirus nspl4. The interacting domains were mapped to the C-terminal region of DDX1 containing motifs
V and VI and to the N-terminal portion of nsp14. Manipulation of DDX1 expression, either by small interfering
RNA-induced knockdown or by overexpression of a mutant DDX1 protein, confirmed that this interaction may
enhance IBV replication. This study reveals that DDX1 contributes to efficient coronavirus replication in cell

culture.

Coronaviruses cause severe diseases in humans and many
other animal species. Severe acute respiratory syndrome coro-
navirus (SARS-CoV) is the causative agent of SARS (34, 45).
Viruses in this family contain a single-stranded, positive-sense
RNA genome of 27 to 31 kb. In cells infected with coronavi-
ruses, six to nine mRNA species, including the genome-length
mRNAT1 and five to eight subgenomic mRNAs (mRNAs 2 to
9), are produced by a discontinuous RNA transcription mech-
anism (40, 46, 47). Avian infectious bronchitis virus (IBV), a
prototype group 3 coronavirus, causes an acute and highly
contagious disease in chickens, with a significant impact on the
poultry industry worldwide. In IBV-infected cells, six mRNA
species are produced (5). Subgenomic mRNAs 2, 3, 4, and 6
encode the four structural proteins, i.e., spike glycoprotein (S),
envelope protein (E), membrane protein (M), and nucleocap-
sid protein (N). The 5’ two-thirds of mRNA1 comprises two
large open reading frames (ORFs), 1a and 1b, and encodes
polyproteins la and lab. The two polyproteins are proteolyti-
cally cleaved by virus-encoded proteinases into 15 functional
nonstructural proteins (nsp2 to nsp16) (18, 25-27, 30-32, 37—
39, 54, 59).

The functional roles of coronavirus nonstructural proteins in
replication and transcription of viral RNAs are beginning to
emerge. For example, nsp14, nsp15, and nsp16 are predicted to
possess exonuclease (ExoN), uridylate-specific endoribonucle-
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ase (NendoU), and methyltransferase activities, respectively,
based on sequence comparison and homology searching (52).
The ExoN and NendoU activities of nspl4 and nspl5 were
subsequently confirmed by biochemical and structural studies
(3, 4, 19, 22, 35, 43). Coronavirus nspl4 contains 3'-to-5" exo-
nuclease motifs (DE-D-D) (52). SARS-CoV nspl4 substitu-
tions for the DE-D-D residues substantially impaired or abol-
ished this activity (35). This ExoN activity has been shown to be
required for efficient RNA synthesis and may be involved in
RNA proofreading (1, 8, 9, 35). Deletion of nspl4 or substi-
tution of the ExoN active site residue resulted in a >94%
reduction of RNA synthesis in cells transfected with SARS-
CoV replicons (1). Alanine substitutions for the ExoN active
site residues blocked the recovery of recombinant human coro-
navirus 229E (HCoV-229E) and resulted in severe defects in
viral RNA synthesis in cells electroporated with the mutant
full-length RNA (35). In contrast, alanine substitutions for the
ExoN active site residues of murine hepatitis virus (MHV) and
SARS-CoV resulted in the recovery of viable mutant viruses
with growth defects and in 15- and 21-fold decreases in repli-
cation fidelity during passage in cells (8, 9). In a more recent
study, the SARS-CoV nspl4 protein was identified as a (gua-
nine-N7)-methyltransferase, and the core domain was mapped
to the C-terminal half of the protein (6). However, it was less
clear if and how cellular proteins were involved in these steps
of the coronavirus life cycle. In this study, we present evidence
that DDX1, a cellular RNA helicase in the DExD/H helicase
family, is associated with coronavirus nsp14 and plays an im-
portant enhancement role in coronavirus RNA replication.
DDX1 belongs to the DEAD-box and related DEAH,
DExH, and DExD families, commonly referred to as the
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DExD/H helicase family, in superfamily 2 of helicases. Proteins
in the DExD/H helicase family share eight conserved motifs
(motifs I, Ia, Ib, II, III, IV, V, and VI) (7). Although only a few
proteins have been studied extensively, specific roles and func-
tions may be assigned to the conserved motifs. Most proteins in
this family possess ATPase, RNA-binding, unwinding, and an-
nealing activities and are associated with all cellular processes
involving RNA metabolism, including pre-mRNA processing,
ribosome biogenesis, RNA decay, translation initiation, and
transcription regulation (7, 15, 16, 51).

To search for cellular interacting partners, a yeast two-
hybrid screen was carried out by using IBV nspl4 as a bait
protein, leading to the identification of DDX1 as a potential
interacting protein. This interaction was subsequently con-
firmed in cells coexpressing the two proteins and in IBV-
infected cells. In addition, relocation of the endogenous
DDXI1 protein from the nucleus to the cytoplasm, with a
predominant staining pattern in the viral RNA replication
site, was observed in IBV-infected cells. Further manipula-
tion of DDX1 expression in virus-infected cells revealed that
DDXI1 may play an auxiliary role in promotion of corona-
virus RNA replication.

MATERIALS AND METHODS

Cells, virus, and antibodies. Vero and HeLa cells were cultured in complete
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 5% fetal
bovine serum (FBS), penicillin (100 units/ml), and streptomycin (100 pg/ml). All
cells were grown at 37°C and supplied with 5% CO,.

Vero cell-adapted IBV strain Beaudette (p65; DQ001339) (13, 29) and the
recombinant vaccinia/T7 virus were propagated and titrated on Vero cells (14).
Virus stocks were made by 3 repeated freeze-thaw cycles and were kept at —80°C
until use. Virus titers were determined as 50% tissue culture infective doses
(TCIDs) as previously described (60). A recombinant IBV with hemagglutinin
(HA)-tagged nsp12 (IBV-HA-RdRp) was obtained by using an established in-
fectious cDNA system (12). The HA tag (YPYDVPDYA) was inserted between
amino acids (aa) 3930 and 3940 at the N terminus of nsp12.

Polyclonal antibodies raised in rabbits against IBV N, S, and nsp14 proteins
were described previously (28, 59). Anti-actin antibody was purchased from
Santa Cruz Biotechnology. Rabbit anti-DDX1 antibodies for indirect immuno-
fluorescence and Western blot assays were from Abcam (ab31963). Mouse anti-HA
antibodies for indirect immunofluorescence assays were from ETC (Singapore).
Mouse anti-bromodeoxyuridine triphosphate (anti-BrdUTP) antibody was from
Invitrogen, and mouse anti-HA, rabbit anti-Flag, and mouse anti-Flag antibodies
were from Sigma-Aldrich. Horseradish peroxidase (HRP)-linked goat anti-rabbit
secondary antibody and HRP-linked goat anti-mouse secondary antibody were
from Dako. HRP-Rec-protein A was from Invitrogen. Alexa Fluor 488-linked
anti-rabbit IgG and Alexa Fluor 594-linked anti-mouse IgG were from Molecular
Probes.

Plasmid construction. Plasmid pGBKT7-nsp14, which carries the full-length
IBV nspl4 gene, was constructed by cloning an EcoRI/BamHI-digested PCR
fragment into EcoRI/BamHI-digested pGBKT7. The same, full-length IBV
nsp14 gene was cloned into vector pKTO to form construct pKT0-nsp14. Plasmid
pcDNAHA-Snsp14 (aa 1 to 527) was constructed by cloning the full-length
SARS-CoV nspl4 gene from strain sin27744 (nucleotides 17954 to 19534) into
vector pcDNAHA under the control of a cytomegalovirus (CMV) promoter. The
other two deletion constructs, pcDNAHA-Snspl4N (aa 1 to 285) and
pcDNAHA-Snsp14C (aa 286 to 527), were made by cloning the corresponding
PCR fragments into the vector pcDNAHA.

Reverse transcription-PCR (RT-PCR) products covering the DDX1 ORF
(NM004939) were amplified from H1299 cells by using the forward primer
5'-CATGCCATGGCGGCCTTCTCCGAGAT-3' and the reverse primer 5'-CG
GGATCCTCAGAAGGTTCTGAACAGCT-3". The PCR fragments were di-
gested with Ncol and BamHI and cloned under the control of a bacteriophage T7
promoter into Ncol- and BamHI-digested pKTO0-Flag (with a Flag tag) to form
plasmid pFlag-DDX1. The pFlag-DDX1A1 and pFlag-DDX1A2 constructs were
made by cloning the corresponding PCR fragments into pKT0-Flag. Plasmids
pACT-DDXI1A1, pACT-DDX1A2, and pACT-DDX1A3 were made by cloning
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the appropriate PCR fragments into the pACT2 vector. The full-length DDX1
gene was also cloned into vectors pKT0 and pXJ40-Flag (with a Flag tag), under
the control of a CMV promoter, to form plasmids pKT0-DDX1 and pXJ-F-
DDXI1, respectively. Plasmids pXJ-F-DDX1m and pKT0-DDX1m, containing
three mutations (D370A, E371A, and D373A), were produced by using a
QuikChange site-directed mutagenesis kit (Stratagene). To make the construct
pXJ-F-DDXI1, PCR products containing the wild-type ORF, amplified with the
primers 5'-CGGGATCCGCGGCCTTCTCCGAGATG-3" and 5'-CCGCTCGA
GTCAGAAGGTTCTGAA CAGCT-3', were digested with BamHI and Xhol
and ligated into BamHI- and Xhol-digested pXJ40-Flag. All constructs were
confirmed by sequencing.

Yeast two-hybrid screening. The IBV nspl4 gene was cloned into pGBKT7
(pGBKT7-nsp14) as bait to screen a cDNA library prepared from HeLa cells
(BD Biosciences), as previously described (58). Briefly, the bait construct
pGBKT7-nsp14 was first transformed into the yeast strain AH109, and 100 g of
cDNA library DNA was sequentially transformed into the transformants. The
culture was plated on SD/—Leu/—Trp/—His plates, and positive colonies were
selected by dotting colonies onto SD/—Leu/—Trp/—His/—X-Gal (5-bromo-4-
chloro-3-indolyl-B-p-galactopyranoside) plates. Identification of potential posi-
tive genes was carried out by direct PCR amplification of individual yeast colo-
nies followed by automated nucleotide sequencing.

Transient expression in mammalian cells. Viral or cellular genes cloned into
plasmids under the control of the T7 promoter were transiently expressed in
mammalian cells by use of a vaccinia virus-T7 system, as previously described (14,
30). Briefly, HeLa cells grown to 90% confluence were infected with a recom-
binant vaccinia virus (vIF7-3) which expresses the T7 RNA polymerase gene for
2 h at 37°C prior to transfection. The plasmid DNA was transfected into vIF7-
3-infected cells by use of Effectene transfection reagent (Qiagen) according to
the manufacturer’s instructions.

Viral or cellular genes cloned into plasmids under the control of a CMV
promoter were transiently expressed in cells by transfection with plasmid DNA,
using Lipofectamine 2000 (Invitrogen) according to standard protocols. Cells
were harvested at 18 to 24 h posttransfection for coimmunoprecipitation assay or
Western blotting.

Coimmunoprecipitation. Transfected cells were lysed with 250 pl of ice-cold
cell lysis buffer (140 mM NaCl, 10 mM Tris-HCI [pH 8.0], 0.5% NP-40). The total
cell lysates were clarified by centrifugation at 13,000 rpm for 10 min, and the first
antibody was added to the supernatants. After incubation at room temperature
for 1 h, protein A-Sepharose beads were added, and incubation was continued
for an additional 1 h. In some cases, M2 anti-Flag Sepharose beads (Sigma) were
used instead of the primary antibodies and protein A-Sepharose beads. The
precipitates were collected by centrifugation, and the beads were washed five
times with lysis buffer before being subjected to SDS-PAGE and Western blot-
ting.

For coimmunoprecipitation of DDX1 and nsp14 in IBV-infected cells, Vero
cells were mock infected or infected with IBV at a multiplicity of infection (MOT)
of approximately 1 PFU/cell and were harvested at 8 and 10 h postinfection. Cells
from one 175-cm? flask were lysed with 2 ml lysis buffer (50 mM Tris-HCI [pH
7.4], 150 mM NaCl, 0.5% NP-40, 0.01% sodium deoxycholate) plus 10 wg/ml of
RNase A and 1 protease inhibitor tablet/40 ml (Roche) at 4°C for 1 h. The
cytoplasmic extracts were preclarified with protein A/G-agarose beads (Santa
Cruz Biotechnology) at 4°C for 30 min. Immunoprecipitation was carried out by
mixing the clarified lysates with anti-nsp14 antibodies at 4°C for 3 h, followed by
addition of protein A/G-agarose beads and rotation at 4°C for 1 h. The precip-
itates were washed seven times with the same lysis buffer with rotation for 5 min
each time, and polypeptides were eluted with SDS-PAGE loading buffer and
then subjected to Western blot analyses. In Western blot assays, HRP-Rec-
protein A (Invitrogen) was used instead of goat anti-rabbit-HRP secondary
antibody to reduce the IgG background from the antibodies used in the immu-
noprecipitation step.

Western blot analysis. The precipitates from coimmunoprecipitation assays
or total cell lysates dissolved in 2X SDS loading buffer were subjected to
SDS-PAGE and transferred to a polyvinylidene difluoride (PVDF) mem-
brane (Bio-Rad). The membranes then were blocked for 1 h in blocking
buffer (5% fat-free milk powder in 1X phosphate-buffered saline with 0.3%
Triton X-100 [PBST]) and incubated with 1:2,000-diluted primary antibodies
in blocking buffer for 2 h at room temperature. After being washed three
times with PBST, the membrane was incubated with 1:2,000-diluted anti-
mouse or anti-rabbit IgG antibodies conjugated with horseradish peroxidase
(Dako) in blocking buffer for 1 h at room temperature. After membranes
were washed three times with PBST, the polypeptides were detected with a
chemiluminescence detection kit (ECL; Amersham Biosciences) according to
the manufacturer’s instructions.
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Electroporation of IBV RNA together with siRNA targeting DDX1 or in vitro-
transcribed DDX1 RNA. To check the effect of DDX1 knockdown on IBV
infection, small interfering RNA (siRNA) duplexes targeting the DDX1 coding
region from nucleotides 888 to 906 (5'-GGAGUUAGCUGAACAAACU-3")
were coelectroporated, together with the in vitro full-length IBV transcripts, into
Vero cells. At 24, 36, and 48 h postelectroporation, cells were harvested for
Northern blot analysis to check the expression of both IBV and DDX1 RNAs
and for Western blot analysis of the levels of DDXI1, actin, and IBV S and N
proteins.

To check the effects of DDX1 and mutant DDX1 (DDX1m) overexpression
on IBV replication, the in vitro-transcribed wild-type and mutant DDX1 RNAs,
together with the purified IBV RNA, were electroporated into Vero cells. At
48 h postelectroporation, cells were harvested for Western blot analysis of DDX1
expression and real-time PCR analysis of IBV genomic or subgenomic RNA.

Assembly of the full-length IBV ¢cDNA, in vitro transcription, and electropo-
ration were performed as previously described (12). Sucrose density gradient
purification of IBV was performed as previously described (28).

Establishment of stable DDX1 knockdown cells. To establish stable cell lines,
a cDNA fragment (5'-GATCCAGCTGAACTTATCTCTCAAGTTTCAAGAG
AACTTGAGATAAGTTCAGCTTTTTTGGAAA-3") expected to produce a
hairpin RNA targeting the DDXI1 coding region from nucleotides 1073 to 1091
upon transfection into cells (55) was cloned into the vector pSilencer 2.1-U6 neo
(Ambion) and transfected into Vero cells. At 24 h posttransfection, 1 mg/ml of
G418 was added to the medium, which was replaced with fresh medium con-
taining the same concentration of G418 at 3-day intervals. G418-resistant clones
were picked approximately 30 days later and then amplified. The amplified cell
clones were harvested and analyzed by Northern and Western blot analyses, and
the DDX1 knockdown cell clones were selected for subsequent studies.

Confocal fluorescence microscopy. Vero cells were mock infected or infected
with a recombinant IBV containing an HA-tagged RdRp protein at an MOI of
1 PFU/cell. At 3 h postinfection, 15 pg/ml of actinomycin D was added to the
culture medium, and the cells were fixed at 4, 6.5, and 10 h postinfection. Cells
were fixed with 4% formaldehyde, permeabilized with 100% methanol, and
blocked with PBST containing 5% normal goat serum. Cells then were incubated
with primary antibodies diluted in PBST containing 5% normal goat serum. The
DDXI1 protein was detected with 1:300-diluted anti-DDX1 rabbit antibody (Ab-
cam), and the HA-tagged RdRp protein was detected with 1:300-diluted anti-HA
mouse antibody (ETC, Singapore). After being washed three times, cells were
incubated with 1:200-diluted secondary antibodies (Alexa Fluor 488-linked anti-
rabbit IgG and Alexa Fluor 594-linked anti-mouse IgG). Images were taken
using an Olympus confocal microscope (Fluoview model FV1000).

To examine the colocalization of DDX1 (endogenous DDX1 or exogenous
wild-type and mutant DDX1 proteins) with BrdUTP-labeled IBV RNA in IBV-
infected cells, Vero cells were either transfected with wild-type and mutant
DDXI1 proteins or left untransfected and then infected with IBV at an MOI of
1 PFU/cell at 13 h posttransfection. At 3 h postinfection, 15 pg/ml of actinomycin
D was added to the culture medium, and the cells were incubated for 4 h to block
cellular RNA transcription. BrdUTP was then transfected into the cells by use of
SuperFECT (Qiagen) following the manufacturer’s instructions to label the
newly synthesized IBV RNA. At 3 h post-BrdUTP transfection, cells were
washed with 1X PBS, fixed with 4% paraformaldehyde, permeabilized with 0.2%
Triton X-100, and incubated with primary antibodies diluted in 1X PBS con-
taining 5% normal goat serum. The endogenous DDX1 protein or Flag-tagged
wild-type and mutant DDXI1 proteins were detected with 1:400-diluted rabbit
anti-DDX1 antibody or 1:200-diluted rabbit anti-Flag antibody (Sigma-Aldrich),
respectively. The BrdUTP-labeled IBV RNA was detected with 1:100-diluted
anti-BrdUTP mouse antibodies (Roche). After being washed three times, cells
were incubated with 1:200-diluted secondary antibodies (Alexa Fluor 488-linked
anti-rabbit IgG and Alexa Fluor 594-linked anti-mouse IgG). Images were taken
using an Olympus confocal microscope (Fluoview model FV1000).

Real-time PCR for quantification of viral RNA synthesis. Total RNA was
extracted from IBV-infected cells by use of Trizol reagent (Molecular Research
Center, Inc.). RT was performed using Expand reverse transcriptase (Roche).
Quantification of RT products was performed by real-time PCR in a LightCycler
instrument (Roche), using a LightCycler FastStart DNA master SYBR green I
kit (Roche) according to the manufacturer’s instructions. The following primers
were used for RT: IBV27510R for total positive-strand RNA [RNA(+)],
IBV27101F for total negative-strand RNA [RNA(—)], IBV4527F for negative-
strand genomic RNA [gRNA(—)], IBV26F for negative-strand subgenomic
RNA2 [sgRNA2(—)], IBV20623R for positive-strand subgenomic RNA2
[sgRNA2(+)], and GAPDH reverse primer for glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH). The primer sequences are as follows: for total viral
RNA, IBV27101F (forward; 5'-57,0, GAGTAACATAATGGACCTGT,;155-3")
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and IBV27510R (reverse; 5'-,751)TGCTGTACCCTCGATCGTAC,749,-3"); for
negative-strand genomic RNA, IBV4527F (forward; 5'-45,,TTTAGCAGAACA
TTTTGACGCAGAT ,ss,-3") and IBV4829R (reverse; 5'-45,0 TTAGTAGAACC
AACAAACACGACGA 4505-3'); for negative- and positive-strand subgenomic
RNA2, IBV26F (forward; 5'-,;CTATTACACTAGCCTTGCGC TAGA,o-3')
and IBV20623R (reverse; 5'-50623GTGCCGTCATAGCTATAGA405-3"); and
for GAPDH, GAPDH forward primer (5'-GACAACTTTGGTATCGTGGAA-
3") and GAPDH reverse primer (5'-CCAGGAAATGAGCTTGACA-3"). For
each sample, reactions were performed in triplicate. The amplified DNAs were
quantitated by the comparative cycle threshold method for relative quantitation
of gene expression. GAPDH was used as an internal control.

RESULTS

Interaction of IBV nsp14 with DDXI1. To search for cellular
proteins that may be involved in the replication of coronavirus
RNA, yeast two-hybrid screening was carried out, using differ-
ent coronavirus nonstructural proteins as baits. This screening
led to the identification of the C-terminal portion of DDX1 (aa
536 to 740; DDX1A1) (Fig. 1a) as a potential interaction part-
ner with IBV nsp14. Coimmunoprecipitation experiments were
performed to further test the interaction between DDX1A1
and IBV nsp14 in mammalian cells. To facilitate the detection
of DDX1ALl, the protein was tagged with a Flag tag at its N
terminus. Analysis of cells expressing the Flag-tagged
DDXI1A1 protein either on its own or together with IBV nsp14,
using Western blotting with anti-Flag monoclonal antibody,
showed that the Flag-tagged DDX1A1 protein was expressed
(Fig. 1b). Similarly, analysis of cells expressing nsp14 either on
its own or together with the Flag-tagged DDX1A1 protein,
using anti-nsp14 polyclonal antibodies, showed the presence of
nsp14 (Fig. 1b). The same cell lysates were then subjected to
immunoprecipitation with anti-nsp14 antibodies. Western blot
analysis of the precipitates with anti-Flag antibody detected
the Flag-tagged DDX1A1 protein only in cells coexpressing the
two proteins (Fig. 1b). These results confirmed that the C-
terminal portion of the DDX1 protein could indeed interact
with IBV nsp14 in mammalian cells.

Similar experiments were then performed to check if the
full-length DDX1 protein could also interact with IBV nsp14.
Efficient detection of the Flag-tagged full-length DDX1 pro-
tein was obtained in cells expressing DDX1 either on its own or
together with IBV nspl4, using anti-Flag antibody (Fig. lc,
lanes 1 and 3). Analysis of cells expressing nsp14 either on its
own or together with DDX1 protein, using anti-nsp14 antibod-
ies, showed the presence of nspl4 (Fig. lc, lanes 4 and 6).
Immunoprecipitation with anti-Flag antibody and subsequent
analysis of the precipitates with the anti-Flag antibody de-
tected Flag-tagged DDX1 in cells expressing the protein either
on its own or together with nspl4 (Fig. lc, lanes 7 and 8).
Western blot analysis of the same precipitates with anti-nsp14
antibodies detected nspl14 only in cells coexpressing the two
proteins (Fig. 1b, lane 10). Similarly, immunoprecipitation with
anti-nsp14 antibodies and subsequent analysis of the precipi-
tates by Western blotting with anti-nsp14 antibody showed the
presence of nspl4 in cells expressing the protein either on its
own or together with DDX1 (Fig. 1c, lanes 13 and 15). Western
blot analysis of the same precipitates with anti-Flag antibody
detected DDX1 only in cells coexpressing the two proteins
(Fig. 1c, lane 16). These results confirmed that the full-length
DDX1 protein could also interact with IBV nsp14 in mamma-
lian cells.
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FIG. 1. Confirmation of the interaction between DDX1 and IBV nsp14 and mapping of the region in DDX1 responsible for its interaction with
nspl4. (a) Diagram showing the regions of DDX1 used in the yeast two-hybrid system to define the interacting domain. (b) Interaction of nsp14
with DDX1A1. HeLa cells cotransfected with pFlag-DDX1A1+pKTO0, pKT0-nsp14+pFlag, and pFlag-DDX1A1+pKT0-nsp14 were harvested at
24 h posttransfection and lysed. Total cell lysates were detected directly by Western blotting with anti-Flag and anti-nsp14 antibodies. The
precipitates were analyzed by Western blotting with anti-Flag antibody. (c) Interaction of nsp14 with full-length DDX1. HeLa cells cotransfected
with pFlag-DDX1+pKT0, pKT0-nspl4+pFlag, and pFlag-DDX1+pKT0-nspl4 were harvested at 24 h posttransfection and lysed. Total cell
lysates were either detected directly by Western blotting with anti-Flag and anti-nsp14 antibodies or immunoprecipitated with anti-Flag or
anti-nsp14 antibodies. The precipitates were analyzed by Western blotting with anti-Flag or anti-nsp14 antibodies. (d) The full-length DDX1
protein and three fragments, covering the DDX1 sequences from amino acids 536 to 740, 536 to 631, and 630 to 740, were cloned into plasmid
PACT?2 and cotransformed into yeast strain AH109 with the bait construct pGBKT7-nsp14. The yeast cotransformants, grown on SD/—Trp/—Leu/
—His/X-Gal plates, are shown. Yeast strain AH109 was used as a negative control, and strain AH109 carrying pGADT7-T and pGBKT7-53 was
used as a positive control. (¢) Formation of protein aggregates when DDX1A2 was overexpressed in mammalian cells. HeLa cells cotransfected
with pFlag-DDX1A2+pKT0, pKTO0-nsp14+pFlag, and pFlag-DDX1A2+pKT0-nsp14 were harvested at 24 h posttransfection and lysed with 2X
SDS loading buffer. The total lysates were detected directly by Western blotting with anti-nsp14 or anti-Flag antibodies.
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To further define the interacting domain in DDX1, we cre- nspl4 showed the formation of massive aggregates in cells
ated two more deletion constructs, pACT-DDX1A2 (aa 536 to overexpressing DDX1A2 (Fig. 1e). However, when DDX1A2
631) and pACT-DDX1A3 (aa 630 to 740), which contain mo- was coexpressed with nspl4 and a relatively lower level of
tifs V and VI of DDX1 and the C-terminal domain of DDXI, DDX1A2 was expressed, no formation of the protein aggre-

respectively (Fig. 1a). As shown in Fig. 1d, a positive interac- gates was observed (Fig. le).

tion of DDX1A1 with nspl4 and a negative interaction of Interaction of DDX1 with SARS-CoV nspl4. Coimmuno-
DDX1A3 with nsp14 were observed in yeast cells, implying that precipitation assays were performed to check if DDX1 could
the minimal region for interaction with nspl4 may reside in also interact with nsp14 proteins from other coronaviruses.
DDX1A2 (aa 536 to 631), containing motifs V and VI. How- For this purpose, nspl4 from SARS-CoV, with an HA tag at
ever, self-activation was observed in all yeast colonies trans- the N terminus, was cloned and expressed together with the

formed with DDX1A2 (Fig. 1d), suggesting that this portion of Flag-tagged DDX1 protein (Fig. 2a). Western blotting of
DDX1 may be self-associated or may form aggregates when cells expressing the HA-tagged SARS-CoV nspl4 protein
overexpressed. This possibility was tested by overexpression of either on its own or together with the Flag-tagged DDX1
DDX1A2 in mammalian cells. Western blot analysis of HeLa protein, using anti-HA monoclonal antibody, detected the
cells expressing DDX1A2 either on its own or together with protein (Fig. 2b). Once again, detection of the Flag-tagged
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FIG. 2. Interaction of SARS-CoV nsp14 (Snsp14) with DDX1. (a) Diagram showing the full-length nsp14 protein and two deletion constructs
of SARS-CoV nsp14 used in this study. (b) Interaction of SARS-CoV nsp14 with DDX1. HeLa cells expressing Flag-tagged DDX1, HA-tagged
Snsp14, or DDX1 plus Snsp14 were harvested at 24 h posttransfection and lysed. The total lysates were either detected directly by Western blotting
with anti-Flag and anti-HA antibodies or immunoprecipitated with anti-Flag antibody. The precipitates were analyzed by Western blotting with
anti-HA antibody. (c) Interaction of the N-terminal portion of SARS-CoV nsp14 with DDXI1. Cells expressing HA-tagged Snsp14N, Snsp14C,
Snsp14N plus DDX1, or Snsp14C plus DDX1 were harvested at 24 h posttransfection and lysed. The total lysates were either detected directly by
Western blotting with anti-Flag and anti-HA antibodies or inmunoprecipitated with anti-Flag antibody. The precipitates were analyzed by Western

blotting with anti-Flag and anti-HA antibodies.

DDXI1 protein was obtained in cells expressing the protein
either on its own or together with the HA-tagged SARS-
CoV nspl4 protein, using Western blotting with anti-Flag
monoclonal antibody (Fig. 2b). Immunoprecipitation of the
same cell lysates with anti-Flag antibody and subsequent
analysis of the precipitates by Western blotting with
anti-HA antibodies detected the SARS-CoV nspl4 protein
only in cells coexpressing the two proteins (Fig. 2b). These
results confirmed that DDX1 could also interact with the
SARS-CoV nspl4 protein.

To define the interacting domain in SARS-CoV nspl4,
we made two more constructs, pcDNAHA-Snspl14N and
pcDNAHA-Snsp14C, which covered the SARS-CoV nsp14 se-
quences from aa 1 to 285 and 286 to 527, respectively (Fig. 2a).
Analysis of cells coexpressing the Flag-tagged DDX1 protein
with either of the two HA-tagged truncated proteins by West-
ern blotting with anti-Flag monoclonal antibody showed the
presence of DDX1 (Fig. 2¢). Similarly, Western blot analysis of
these cell lysates with anti-HA monoclonal antibody detected
Snsp14N and Snsp14C (Fig. 2¢). Immunoprecipitation of the
same cell lysates with anti-Flag antibody and subsequent anal-
ysis of the precipitates by Western blotting with anti-Flag an-
tibody led to the detection of the Flag-tagged DDXI1 protein
coexpressed with Snsp14N or Snsp14C (Fig. 2c). Western blot
analysis of the same precipitates with anti-HA antibody
showed the presence of HA-tagged Snspl4N but not HA-
tagged Snspl4C (Fig. 2c). These results confirmed that the

interacting domain resided in the N-terminal portion of the
SARS-CoV nspl4 protein.

Interaction of endogenous DDX1 with nsp14 in IBV-infected
Vero cells. Coimmunoprecipitation assays were then per-
formed to check if the endogenous DDXI1 protein could also
interact with nspl4 in IBV-infected cells. Since both DDX1
and nsp14 may have RNA-binding activities, binding to a com-
mon viral or cellular RNA molecule would result in an indirect
association of the two proteins. To rule out this possibility, 10
pg/ml RNase A was added to the lysis buffer and the washing
buffer, and total cell lysates from mock- and IBV-infected
Vero cells were used at 8 and 10 h postinfection for coimmu-
noprecipitation with nsp14 antibodies, followed by Western
blotting with anti-DDX1 or -nspl4 antibodies. The endoge-
nous DDXI1 protein was detected in both mock- and IBV-
infected cells by Western blotting with rabbit anti-DDX1
antibodies (Fig. 3). Probing the same membrane with rabbit
anti-nsp14 antibodies showed the presence of nsp14 in IBV-
infected cells harvested at both time points (Fig. 3). Immuno-
precipitation of cell lysates with anti-nsp14 antibodies and sub-
sequent analysis of the precipitates by Western blotting with
anti-DDX1 antibodies detected DDX1 only in IBV-infected
cells, not in mock-infected cells (Fig. 3). Similarly, probing the
same membrane with anti-nsp14 antibodies detected the pro-
teins only in IBV-infected cell lysates (Fig. 3). These results
confirmed that the endogenous DDXI1 protein could also in-
teract with IBV nsp14 in IBV-infected cells.
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FIG. 3. Interaction of endogenous DDX1 with nsp14 in IBV-in-
fected Vero cells. Coimmunoprecipitation of endogenous DDX1 with
nspl4 was performed with IBV-infected cells. Vero cells were mock or
IBV infected at an MOI of 1 and harvested at 8 and 10 h postinfection.
Cells were lysed, and the total lysates were either detected directly by
Western blotting with DDX1 (top panel) and anti-nspl4 (second
panel) antibodies or immunoprecipitated with anti-nsp14 antibodies.
The precipitates were analyzed by Western blotting with anti-DDX1
(third panel) and anti-nsp14 (bottom panel) antibodies.
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Relocation of endogenous DDX1 from the nucleus to the
cytoplasm in IBV-infected Vero cells. Coronavirus replication
occurs in the cytoplasm of infected host cells, and the replica-
tion complexes are associated with modified host cell mem-
branes (23, 42). Since DDX1 was located predominantly in the
nucleus in normal cells, interaction of nsp14 with DDX1 would
probably alter the subcellular localization of DDX1. This pos-
sibility was tested by immunofluorescence staining of endoge-
nous DDX1 in IBV-infected cells. As expected, a predominant
nuclear localization of DDX1 was observed in mock-infected
cells (Fig. 4a). The majority of DDX1 was found to be relo-
cated to the cytoplasm, with a perinuclear staining pattern, in
IBV-infected cells. To test if DDX1 was colocalized with the
viral replication/transcription complexes, the subcellular local-
ization of the newly synthesized IBV RNA incorporated with
BrdUTP and of the endogenous DDXI1 in IBV-infected cells
was determined by dual immunofluorescence and confocal mi-
croscopy analysis. A perinuclear staining pattern of the DDX1
protein and the newly synthesized IBV RNA was observed at
10 h postinfection (Fig. 4a). The staining pattern of DDX1 was
largely, but not perfectly, overlapped with that of the viral
RNA in these cells (Fig. 4a). Immunofluorescence staining of
nspl4 showed a pattern very similar to the DDX1 staining

OLHA‘ RdRi‘

o-DDX1 DAPI

mock(10h)

IBV(4h)

IBV(6.5h)

o-DDX1

o-HA+DAPI o-DDX1+a-HA

FIG. 4. Relocation of endogenous DDX1 from the nucleus to the cytoplasm in IBV-infected Vero cells. (a) Relocation of endogenous nsp14
from the nucleus to the cytoplasm in IBV-infected cells. Vero cells were mock infected (top row) or infected with IBV at an MOI of 1 (bottom
two rows), and the newly synthesized viral RNA was labeled with BrdUTP. Cells were fixed, permeabilized, and double labeled with mouse
anti-BrdU antibody and either anti-DDX1 (top two rows) or anti-nsp14 rabbit antibody (bottom row). DDX1 and nsp14 were immunostained with
Alexa Fluor 488-linked anti-rabbit IgG, and the BrdUTP-labeled IBV RNA was stained with Alexa Fluor 594-linked anti-mouse IgG. The cellular
nuclei were also stained with DAPI (4’,6-diamidino-2-phenylindole). Images were taken using an Olympus confocal microscope. (b) Detailed
analysis of the translocation of endogenous nsp14 from the nucleus to the cytoplasm in IBV-infected cells in a time course experiment. Vero cells
were infected with a recombinant IBV containing an HA-tagged RdRp protein at an MOI of 1 and were fixed at 4, 6.5, and 10 h postinfection.
Cells were stained with rabbit anti-DDX1 and mouse anti-HA antibodies, followed by incubation with a mixture of Alexa Fluor 488-linked
anti-rabbit IgG and Alexa Fluor 594-linked anti-mouse IgG. The mock-infected cells, fixed and stained at 10 h posttreatment, were also included

as a control.
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pattern in the infected cells at the same time point (Fig. 4a).
Once again, the staining pattern of nsp14 was largely, but not
perfectly, overlapped with that of the viral RNA in these cells
(Fig. 4a). Since a suitable anti-DDX1 antibody from another
animal species was not available, dual immunofluorescence
staining of both DDX1 and nsp14 in IBV-infected cells could
not be performed. These data suggest that interaction between
DDX1 and nsp14 may be responsible for relocation of DDX1
from the nucleus to the cytoplasm.

A detailed time course experiment was then performed to
further characterize the translocation of DDX1 from the nu-
cleus to the cytoplasm in IBV-infected cells. To more specifi-
cally and sensitively detect and characterize events occurring at
early stages of the viral replication cycle, a recombinant IBV
with an HA tag at the N terminus of nsp12 (RdRp) was gen-
erated and used to infect Vero cells. The recombinant virus
displayed very similar growth properties to those of wild-type
virus (data not shown). The mock- and IBV-infected cells were
fixed at 4, 6.5, and 10 h postinfection and were dually stained
with anti-DDX1 and anti-HA antibodies. At 4 h postinfection,
the majority of DDX1 remained in the nucleus, with a certain
amount of the protein detected in the cytoplasm (Fig. 4b). At
6.5 h postinfection, accumulation of more DDX1 in the cyto-
plasm was observed (Fig. 4b). At 10 h postinfection, a dramatic
increase of DDX1 accumulation in the cytoplasm was detected
(Fig. 4b). Staining of the same cells with anti-HA antibody
showed gradually increased accumulation of the HA-tagged
RdRp protein at the perinuclear region of the infected cells,
indicating that viral replication was increased concomitantly
(Fig. 4b). Once again, the two staining patterns were largely
overlapped (Fig. 4b). In mock-infected cells, DDX1 remained
in the nucleus (Fig. 4b).

Effects of DDX1 knockdown by siRNA on replication of IBV
RNA. The effects of the confirmed interaction between DDX1
and coronavirus nsp14 on viral replication were first studied by
cointroduction of the in vitro-transcribed full-length RNA de-
rived from a full-length infectious IBV clone (12, 53) with
siRNA duplexes targeting either enhanced green fluorescent
protein (EGFP) (siGFP; negative control) or DDX1, at nucle-
otides 888 to 906 (siDDX1), into Vero cells. Typical cytopathic
effects (CPE) were observed at 36 h postelectroporation. Anal-
ysis of viral RNA replication by Northern blotting showed the
presence of five viral mRNA species in cells transfected with
both types of siRNA duplexes at 36 h postelectroporation (Fig.
5a). However, lower levels of the viral RNA species were
detected in cells electroporated with siDDX1 than in those
electroporated with the siEGFP control at 36 h postelectropo-
ration (Fig. 5a). Analysis of the same RNA preparations by
Northern blotting showed a significant reduction of the DDX1
mRNA in cells transfected with siDDX1 compared to that in
cells transfected with the control siRNA duplex (Fig. 5a).

Western blot analysis of cells harvested at 48 h postelec-
troporation was then carried out to assess viral protein ex-
pression. As shown in Fig. 5Sb, a moderately reduced expres-
sion of the S protein was observed in DDX1 knockdown
cells compared to that in the control cells (top panel). How-
ever, similar levels of N protein were detected in the same
lysates (Fig. 5b). These results demonstrated that knock-
down of DDX1 inhibited the replication and transcription of
coronavirus RNA. Furthermore, it seemed that the inhibi-
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FIG. 5. Analysis of effects of DDX1 knockdown by siRNA on the
replication of IBV. (a) Northern blot analysis of viral RNA in Vero
cells electroporated with either IBV full-length RNA transcripts plus
EGFP siRNA (lanes 1 and 3) or IBV full-length RNA transcripts plus
DDXI1 siRNA (lanes 2 and 4). Cells were harvested at 16 and 36 h
postelectroporation, and total RNA was prepared. Ten micrograms of
total RNA was separated in a 1% agarose gel and transferred to a
Hybond N+ membrane. Viral RNAs were probed with a digoxigenin-
labeled DNA probe corresponding to the 3’ 680 nucleotides of the IBV
genome. Numbers on the right indicated the subgenomic RNA species
of IBV. The same membrane was also probed with DDX1 and
GAPDH probes. (b) Western blot analysis of IBV S and N protein
expression in Vero cells electroporated with either IBV full-length
RNA transcripts plus EGFP siRNA (lane 1) or IBV full-length RNA
transcripts plus DDX1 siRNA (lane 2). Cells were harvested at 48 h
postelectroporation, and total cell lysates were separated in an SDS-
10% polyacrylamide gel. The expression of S and N proteins was
analyzed by Western blotting with polyclonal anti-S and anti-N anti-
bodies, respectively. The same membrane was also probed with anti-
DDXI1 and anti-actin antibodies.

tory effect was preferential for the replication of the large
subgenomic RNA species of IBV, and this prompted a more
detailed study of the replication and growth kinetics of IBV
in stable DDX1 knockdown cells.

Establishment of stable DDX1 knockdown cell clones by
expression of a hairpin RNA targeting DDX1 and detailed
characterization of viral replication and growth kinetics in
DDX1 knockdown cell clones infected with IBV. Stable cell
clones with DDX1 knockdown were established by expressing
a hairpin RNA targeting the DDX1 coding region from nucle-
otides 1073 to 1091 in Vero cells. Several G418-selected clones
were chosen, and the expression of DDXI1 at the protein level
was analyzed by Western blotting, which showed various
knockdown efficiencies in these clones (data not shown).
DDX1-KD2, a stable clone with the maximum knockdown
efficiency among all clones (Fig. 6a), was chosen for the sub-
sequent studies. The effect of DDX1 knockdown on IBV rep-
lication was characterized by infection of DDX1-KD2 with
IBV at an MOI of 1 PFU/cell in time course experiments.
Meanwhile, a G418-selected cell clone without detectable
DDX1 knockdown was used as a control. As shown in Fig. 6a,
infection of DDX1-KD2 cells with IBV consistently showed
much lower replication of viral RNA and expression of viral
proteins. Western blot analysis of lysates prepared from the
IBV-infected cells showed the presence of much less viral S
protein in IBV-infected DDX1-KD?2 cells than in control cells
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FIG. 6. Analysis of effects of DDX1 knockdown on the replication and growth properties of IBV in a stable DDX1 knockdown cell clone. (a)
Northern and Western blot analyses of IBV RNA replication and protein synthesis in IBV-infected DDX1-KD2 cells. Cells were infected in
duplicate with IBV at an MOI of 1 and harvested at 0, 12, 16, 24, and 28 h postinfection, and total RNA was prepared from one set of cells. Ten
micrograms of total RNA was separated in a 1% agarose gel and transferred to a Hybond N+ membrane. Viral RNAs were probed with a
digoxigenin-labeled DNA probe corresponding to the 3’ 680 nucleotides of the IBV genome. Numbers on the right indicated the genomic and
subgenomic RNA species of IBV. The same membrane was also probed with DDX1 and GAPDH probes. Total cell lysates were also prepared
from the infected cells. Proteins from total cell lysates (second panel) and media (top panel) were separated in an SDS-10% polyacrylamide gel.
The expression of S protein, DDXI, and actin was analyzed by Western blotting. (b) Replication efficiency of IBV RNA in virus-infected
DDX1-KD2 cells. The relative amounts of RNA(+), RNA(—), sgRNA2(+), and sgRNA2(—) in total RNA extracts from IBV-infected control
and DDX1-KD2 cells harvested at 24 h postinfection were determined by real-time RT-PCR. The relative amount of each RNA species detected
in IBV-infected control cells was considered 100% replication efficiency for the corresponding RNA species, and the relative amount of each IBV
RNA species in virus-infected DDX1-KD?2 cells is shown as the percent replication efficiency compared to that in the control cells. The data were
generated from three repeat experiments. (¢) Growth kinetics of IBV in DDX1-KD2 cells. The control and DDX1-KD?2 cells were infected with
IBV at an MOI of 1 and harvested at 0, 8, 12, 16, 24, 28, and 34 h postinfection. The virus stocks were prepared by collecting the virus particles
released into the cultured medium, and the TCIDj, of each viral preparation was determined by infection of five wells of Vero cells in 96-well plates

in triplicate with 10-fold serial dilutions of each viral stock.

(Fig. 6a). Analysis of the same cell lysates by Western blotting
with anti-DDX1 antibodies confirmed that DDX1 expression
at the protein level was significantly reduced in DDX1-KD2
cells (Fig. 6a). The amount of virus released into the culture
medium was also analyzed by Western blot analysis of culture
medium collected at each time point with anti-S antibodies. At
0 h postinfection, similar amounts of viral S protein were
detected, showing that approximately equal amounts of virus
were used in the initial infections (Fig. 6a). Very little viral
protein was detected at 16 h postinfection (Fig. 6a). At both 24
and 32 h postinfection, a large amount of S protein was de-
tected in the control cells infected with IBV, but much less of
the protein was detected in DDX1-KD?2 cells infected with the
virus (Fig. 6a), confirming that knockdown of DDX1 signifi-
cantly reduced the replication of IBV and the production of
progeny viruses. Consistently, the subgenomic mRNA species
were found to be reduced in IBV-infected DDX1-KD2 cells, at
all time points, compared to those in the control cells (Fig. 6a).
Quantification of the reduction rates by densitometry showed
that at 12 h postinfection, the ratios of mRNA species 2, 3, 4,

and 5/6 in DDX1-KD2 cells to those in the control cells were
32, 41, 40, and 36%, respectively. The ratios of mRNAs 2, 3, 4,
and 5/6 in DDX1-KD2 cells to those in the control cells were
44,54, 44, and 96%, respectively, at 16 h postinfection, and the
ratios were 33, 52, 47, and 65%, respectively, at 24 h postin-
fection.

The IBV RNA(+), RNA(—), sgRNA2(+), and sgRNA2(—)
levels in IBV-infected control and DDX1-KD2 cells harvested
at 24 h postinfection were quantified by real-time RT-PCR.
The relative replication efficiency of each RNA species de-
tected in IBV-infected control cells was considered 100%.
Compared to those in IBV-infected control cells, the relative
replication efficiencies of RNA(+), RNA(—), sgRNA2(+),
and sgRNA2(—) were 52.5, 55, 42.5, and 33%, respectively
(Fig. 6b). These results confirmed that knockdown of DDX1
had more profoundly inhibitory effects on large subgenomic
RNA species.

The growth kinetics of IBV in DDX1-KD2 cells were then
determined by TCIDs, assay. As shown in Fig. 6c, IBV reached
peak titers at approximately the same time in both the control
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FIG. 7. Analysis of effects of overexpression of wild-type and mutant DDX1 on the replication of IBV. (a) Overexpression of wild-type and
mutant DDX1 in Vero cells. Vero cells transfected with pXJ40-Flag (vector), pXJ-F-DDX1 (DDX1), or pXJ-F-DDX1m (DDX1m) were infected
with IBV at an MOI of 1 at 24 h posttransfection and were harvested at 12 h postinfection. Proteins from total cell lysates were separated in an
SDS-10% polyacrylamide gel. The expression of wild-type and mutant DDX1 was analyzed by Western blotting with polyclonal anti-DDX1
antibodies. The same membrane was also probed with anti-actin antibody. (b) Replication efficiency of IBV in cells transfected with IBV RNA plus
either wild-type or mutant DDX1. The purified IBV genomic RNA and a 2-fold excess of in vitro-transcribed wild-type or mutant DDX1 transcript
were cointroduced into Vero cells by electroporation. At 48 h postelectroporation, the cells were harvested and total RNA was prepared. The
relative amounts of gRNA(—), sgRNA2(+), and sgRNA2(—) were determined by real-time RT-PCR. The relative amount of each RNA species
detected in IBV RNA-transfected cells overexpressing wild-type DDX1 was considered 100% replication efficiency for the corresponding RNA
species, and the relative amount of each IBV RNA species in virus-infected cells overexpressing mutant DDX1 is shown as the percent replication
efficiency compared to that in the control cells. The data were generated from three repeat experiments. (¢c) Western blot analysis of DDX1
(DDX1m) expression in cells transfected with IBV RNA plus either wild-type or mutant DDX1, using polyclonal anti-DDX1 antibodies. The same

membrane was also probed with anti-actin antibody.

and DDX1-KD2 cells, but an ~10-fold-lower peak titer was
found in DDX1-KD2 cells infected with IBV.

Inhibition of IBV replication by overexpression of a mutant
DDX1 protein. The effects of overexpression of wild-type
DDX1 and mutant DDX1 (DDX1m) on IBV replication were
then analyzed in the following two ways. Plasmid pXJ-F-
DDX1m was constructed by mutation of the DEAD motif to
AAAA. These substitutions result in severe reduction/abolish-
ment of the ATPase and helicase activities, but not the RNA-
binding activity, of the protein (20, 41). Vero cells were initially
transfected with pXJ-F-DDX1 or pXJ-F-DDXI1m, infected
with IBV at an MOI of 1 PFU/cell at 24 h posttransfection, and
harvested at 12 h postinfection. Western blot analysis of the
cell lysates with anti-DDX1 antibodies showed efficient expres-
sion of DDX1 and DDX1m in the transfected cells (Fig. 7a).
Quantification of viral gRNA(—), sgRNA2(+), and
sgRNA2(—) species in IBV-infected cells by real-time RT-
PCR showed, unexpectedly, that the relative amounts of the
three RNA species detected in cells overexpressing DDX1
were very similar to those in cells transfected with an empty
vector, suggesting that overexpression of wild-type DDX1 did
not show an enhancement effect on viral replication. In IBV-
infected cells transfected with pXJ-F-DDX1m, the relative
amounts of the three viral RNA species were 93, 89, and 85%),
respectively, compared to those in the IBV-infected cells over-
expressing wild-type DDX1 (considered 100% for each of the
three RNA species).

Considering the fact that only approximately 30% of cells
were usually transfected in a typical transfection experiment
with the reagents and conditions used, we speculated that the
observed inhibitory effects of DDX1m on IBV replication
might be underrepresentative. To address this issue further,
IBV was purified by sucrose gradient centrifugation, and the
genomic RNA was isolated. The purified genomic RNA and a

2-fold excess of the in vitro-transcribed wild-type or mutant
DDX1 transcript were cointroduced into Vero cells by elec-
troporation. This experiment was repeated three times. At 48 h
postelectroporation, the viral gRNA(—), sgRNA2(+), and
sgRNA2(—) species were quantified by real-time RT-PCR,
and the expression level of DDX1 was measured by Western
blotting. Compared to those in cells cotransfected with the
genomic IBV RNA and the wild-type DDX1 transcript (which
were considered 100% for each viral RNA species), the rela-
tive replication efficiencies of the three viral RNA species were
74, 64.67, and 68.33%, respectively, in cells cotransfected with
the genomic IBV RNA and the mutant DDX1m transcript
(Fig. 7b). Analysis of the expression of DDX1 in these cells by
Western blotting with anti-DDX1 antibodies showed the pres-
ence of higher levels of DDX1 and DDX1m proteins in the
transfected cells (Fig. 7c).

Colocalization of mutant DDX1 with nsp14 and newly syn-
thesized viral RNA. The subcellular localization of wild-type
and mutant DDX1 and their colocalization with nspl4 ex-
pressed in IBV-infected cells were studied. As shown in Fig.
8a, the staining patterns of wild-type and mutant DDX1 were
very similar. Both patterns were largely overlapped with the
staining pattern of nsp14 expressed in IBV-infected cells (Fig.
8a), indicating that DEAD motif mutation did not affect the
interaction between nspl4 and DDX1.

The effect of DEAD motif mutation on the colocalization of
DDX1 with the viral RNA replication/transcription compart-
ment was tested. Intracellular localization of the BrdUTP-
incorporated, newly synthesized IBV RNA and the overex-
pressed wild-type or mutant DDX1 protein was determined by
dual immunofluorescence and confocal microscopy analysis.
At 10 h postinfection, a typical perinuclear staining pattern of
the newly synthesized IBV RNA was observed in individual
infected cells (Fig. 8b, bottom panels). The staining pattern of
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FIG. 8. Colocalization of mutant DDX1 with IBV nsp14 and newly synthesized viral RNA. (a) Colocalization of wild-type and mutant DDX1
with nsp14 expressed in IBV-infected cells. Vero cells overexpressing either Flag-tagged DDX1 or DDX1m were infected with IBV at an MOI of
1. At 10 h post-IBV infection, cells were fixed, permeabilized, and double labeled with mouse anti-Flag antibody and rabbit anti-nsp14 antibody.
The Flag-tagged DDX1 and DDX1m proteins were immunostained with Alexa Fluor 594-linked anti-mouse IgG, and nsp14 was stained with Alexa
Fluor 488-linked anti-rabbit IgG. Images were taken using an Olympus confocal microscope. (b) Colocalization of newly synthesized IBV RNA
with DDX1. Vero cells overexpressing Flag-tagged DDX1 and DDX1m were infected with IBV at an MOI of 1, and the newly synthesized viral
RNA was labeled with BrdUTP. Cells were fixed, permeabilized, and double labeled with mouse anti-BrdU antibody and rabbit anti-Flag antibody.
The Flag-tagged DDX1 and DDX1m proteins were immunostained with Alexa Fluor 488-linked anti-rabbit IgG, and the BrdUTP-labeled IBV
RNA was stained with Alexa Fluor 594-linked anti-mouse IgG. The cellular nuclei were stained with DAPI. Images were taken using an Olympus
confocal microscope. Cells transfected with an empty vector and stained as described above were used as a control.

DDX1 was largely overlapped with that of IBV RNA in these
cells (Fig. 8b, top panels). As shown in the representative
images in Fig. 8b, similar but slightly less perfectly merged
staining patterns of IBV RNA and DDX1m were observed in
IBV-infected cells overexpressing DDX1m (Fig. 8b, middle
panels). This observation was supported by examination of
more images taken from IBV-infected cells expressing
DDX1m and suggests that the DEAD motif might be impli-
cated in the colocalization of DDXI1 and viral RNA.

DISCUSSION

It was long speculated that host cell proteins were most
likely involved in replication of the giant coronaviral RNA
genome and in transcription of the multiple subgenomic
mRNA species. However, this was one of the least explored
areas in coronavirus research, and controversial data on the
involvement of certain host cell proteins in coronavirus repli-
cation were available in the literature. For example, several
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host cell proteins were found by various approaches to bind
and interact with coronaviral RNA and may play certain roles
in viral RNA replication. One such host protein was the het-
erogeneous nuclear ribonucleoprotein Al (hnRNP Al). The
protein was shown to form a complex with a mouse hepatitis
virus (MHV) polymerase gene product, the N protein, and the
viral RNA and to regulate the transcription and replication of
MHYV RNA (50). However, alteration of the binding affinity of
hnRNA A1l by manipulation of the binding site in the RNA
genome of MHYV did not show much detrimental effect on the
replication of MHV RNA, arguing against the possibility that
hnRNP Al was a host factor required for coronavirus mRNA
transcription and genome replication (49). In this study, we
showed, by yeast-two hybrid screening and biochemical ap-
proaches, that nsp14, a replicase gene product from both coro-
navirus IBV and SARS-CoV, interacts with DDX1, a host cell
protein with RNA helicase activity (33). Manipulation of
DDX1 expression either by siRNA-induced knockdown or by
overexpression of a mutant DDX1 protein confirmed that this
interaction played an important enhancement role in the rep-
lication of coronavirus RNA.

A large family of cellular proteins with RNA helicase activity
was identified in mammalian cells (33). One group of these
cellular RNA helicase proteins comprise the DEAD-box and
related DEAH, DExH, and DExD protein families. These
proteins are involved in multiple steps of RNA metabolism,
including RNA transcription, splicing, export, translation, and
decay (7, 44). Several members of this family were found to
interact with viral proteins and to regulate their functionality.
DDX1 was shown to interact with a number of other viral
proteins (10, 11, 36). One example is that DDXI1 can interact
with the Rev protein of human immunodeficiency virus type 1
(HIV-1) and restrict Rev’s function in human astrocytes (10,
11). Another DEAD-box protein, DDX3, is involved in the
Rev-dependent export of HIV-1 RNA (61) and in regulation
of hepatitis C virus (HCV) replication (2). DDX3 was also
found to interact with the hepatitis B virus (HBV) polymerase,
to incorporate into viral nucleocapsids, and to inhibit reverse
transcription (57). In a genome-wide screen with an siRNA
library, multiple proteins in the DExD/H helicase family, such
as DDX28, DDX42, and DHX15, were shown to promote the
replication of West Nile virus and dengue virus (24). It appears
that the DEXD/H helicase family is actively involved in the
replication of diverse viral systems and may play similar en-
hancement roles in association with different viral components.
In this study, we present evidence that DDX1 can interact with
nspl4 proteins from both IBV and SARS-CoV. The two coro-
navirus nspl4 proteins share 51.6% amino acid identity and
contain stretches of identical amino acids in the N-terminal
region, suggesting that a common interacting domain may exist
in this functionally equivalent protein in different coronavi-
ruses.

As an exonuclease, nsp14 may be involved in replication and
transcription of the genomic and subgenomic RNAs of coro-
naviruses (1, 9, 35, 48). Interaction of nsp14 with DDX1 may
therefore facilitate this process. It is likely that this interaction
enhances the replication and transcription of both genomic
and subgenomic RNAs in general. In this regard, DDX1, as an
RNA helicase, may provide additional activities facilitating the
completion of viral RNA replication and transcription pro-
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cesses, although coronaviruses do encode an RNA helicase
(nsp13) with NTPase and helicase activities (12). Recently,
DDX1 was shown to interact with RelA (p65), a subunit of
NF-«B, and to enhance NF-kB-mediated transcription (21).
The intact DEAD domain is required for transcriptional co-
activation activity, as frans-dominant-negative mutants of
DDX1 lacking the ATP-dependent RNA helicase activity lost
transcriptional inducer activity (21). It is likely that DDX1 acts
as a transcriptional coactivator, facilitating the recruitment of
other viral or cellular factors or stabilization of the viral RNA
replication/transcription complexes. However, it would be dif-
ficult to pinpoint the precise step(s) in the viral replication
cycle in which this interaction is specifically involved.

On the other hand, it was noted that knockdown of DDX1
expression exhibited only a moderate, though significant, effect
on viral RNA replication and progeny virus production. The
following possibilities were considered. First, DDX1 may func-
tion as a cellular cofactor, so the presence of a minute amount
of the protein would be adequate. In fact, in both siRNA
knockdown cells and the selected DDX1 knockdown stable cell
clone, a much reduced but still significant amount of DDX1
protein was detected. Overexpression of DDX1 in Vero cells
did not show a detectable enhancement effect on IBV replica-
tion, arguing that supplementation with an excess amount of
DDX1 does not augment its function in this regard. Alterna-
tively, other members of the DExXD/H helicase family may
compensate for the enhancement function of DDX1 in IBV
replication in these knockdown cells. Continuous propagation
of IBV in the DDX1 knockdown cell clone for up to 20 pas-
sages did not lead to the detection of aberrant subgenomic
RNA species (data not shown), in contrast to that observed in
cells transfected with the full-length human coronavirus RNA
carrying mutations in the nspl4 protein (35). Furthermore,
these serial passages did not lead to increased growth fitness of
the virus, and no mutation in nspl4 protein was identified.
These observations support the argument that as a cofactor,
DDX1 plays an enhancement role in coronavirus replication
only. More insights into the essentiality and involvement of
DDX1 in coronavirus replication could be provided only by
studying coronavirus infection and replication in DDX1 knock-
out mice and embryonic fibroblast cells derived from these
knockout mice. Second, moderate effects on viral replication
by knockdown of host genes that were interacting partners of
viral replicase gene products were also observed in other viral
systems. For instance, the cellular RNA helicase p68 was
shown to be an interacting partner of HCV NS5B (17). Knock-
down of p68 by siRNA duplexes in a replicon cell line showed
no detectable effect on the replication of HCV RNA. How-
ever, a reduction in the replication of HCV RNA was observed
when the siRNA duplexes and a full-length infectious HCV
construct were cotransfected into cells (17).

In summary, our results demonstrate that DDX1 may play
an auxiliary function in coronavirus replication by its associa-
tion with one of the viral replicase proteins, nspl4. It is inter-
esting to speculate that as a general rule, the virus-encoded
transcription/replication machinery may function to initiate
and maintain a basal level of transcription/replication of viral
RNA. Association of viral components with host cell proteins
may enhance this process in one way or another. It was recently
reported that the in vitro activity of SARS-CoV replication/
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transcription complexes depends on a cytoplasmic host factor
that does not cosediment with the complex (56). Identification
and characterization of more cellular factors that are involved
in the coronavirus life cycle by systems biology approaches
would reveal new insights into the replication mechanisms and
pathogenesis of coronaviruses in general.
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