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Mounting an immune response to a viral pathogen involves the initial recognition of viral antigens through
Toll-like receptor-dependent and -independent pathways and the subsequent triggering of signal transduction
cascades. Among the many cellular kinases stimulated in response to virus infection, the noncanonical
IKK-related kinases TBK1 and IKK� have been shown to phosphorylate and activate interferon regulatory
factor 3 (IRF-3) and IRF-7, leading to the production of alpha/beta interferons and the development of a
cellular antiviral state. In the present study, we examine the activation of TBK1 and IKK� kinases by vesicular
stomatitis virus (VSV) infection in human lung epithelial A549 cells. We demonstrate that replication-
competent VSV is required to induce activation of the IKK-related kinases and provide evidence that ribonu-
cleoprotein (RNP) complex of VSV generated intracellularly during virus replication can activate TBK1 and
IKK� activity. In TBK1-deficient cells, IRF-3 and IRF-7 activation is significantly reduced, although tran-
scriptional upregulation of IKK� following treatment with VSV, double-stranded RNA, or RNP partially
compensates for the loss of TBK1. Biochemical analyses with purified TBK1 and IKK� kinases in vitro
demonstrate that the two kinases exhibit similar specificities with respect to IRF-3 and IRF-7 substrates and
both kinases target serine residues that are important for full transcriptional activation of IRF-3 and IRF-7.
These data suggest that intracellular RNP formation contributes to the early recognition of VSV infection,
activates the catalytic activity of TBK1, and induces transcriptional upregulation of IKK� in epithelial cells.
Induction of IKK� potentially functions as a component of the amplification mechanism involved in the
establishment of the antiviral state.

The immediate cellular response to virus infection repre-
sents an early stage at which active immunity can be mounted
against viral pathogens. In response to the rapid replication of
viruses, the early cellular antiviral defense limits virus replica-
tion to provide time for the development of the adaptive im-
mune response, necessary for clearance of the viral pathogen
(13, 45). Viral proteins and by-products of the virus life cycle
are recognized by evolutionarily conserved Toll-like receptors
(TLRs) that trigger activation of multiple signaling cascades
(38). TLRs recognize biochemically conserved molecules that
are exclusive to foreign pathogens. Collectively termed patho-
gen-associated molecular patterns, gram-negative bacterial li-
popolysaccharide (LPS), bacterial flagellin, and viral double-
stranded RNA (dsRNA) represent some of the ligands that
initiate innate immune responses through TLR signaling (31,
39, 53).

Included in the early signaling events initiated by virus in-

fection are regulatory kinases such as p38/JNK, the classical
IKK complex IKK�/IKK�/IKK�, and the noncanonical IKK-
related complex IKKε/TBK1, which respectively activate the
AP-1, NF-�B, and interferon (IFN) regulatory factor (IRF)
transcription factors (4, 8, 18, 49). These transcription factors
coordinate the production of cytokines, which in turn commu-
nicate the presence of the viral pathogen to neighboring cells
through the production of beta IFN (IFN-�) and IFN-�1 and
recruit the innate immune machinery through chemokines
such as RANTES, IP-10, MIP1�, and MIP1� (40, 45). Al-
though AP-1 and NF-�B activation occurs in response to an
array of cellular stimuli, IRF-3 and IRF-7 activation appears to
represent a more restricted response against pathogen infec-
tion (46). The absence of IRF-3 and IRF-7 in murine knockout
models results in low IFN-� and RANTES production in re-
sponse to virus infection (42), thus supporting a pivotal role for
IRF-3–IRF-7 activation in the development of the cellular
antiviral response.

IRF-3 is a phosphoprotein that is constitutively expressed in
all cell types as two latent, predominantly cytoplasmic forms (I
and II), with an amino-terminal tryptophan repeat-containing
DNA binding domain and a carboxyl-terminal IRF association
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domain (IAD) and transactivation domain. The transcriptional
activity of IRF-3 is controlled by C-terminal phosphorylation
events on serines 385 and 386 (32, 58) and 396, 398, 402, and
405 as well as threonine 404 (24, 47). The exact residues tar-
geted by virus infection remain controversial (32, 47); however,
it is clear that phosphorylation within the serine/threonine
C-terminal cluster induces a conformation change within
IRF-3 that allows dimerization, nuclear localization, and asso-
ciation with its coactivator CBP/p300 (24, 26, 58). Since IRF-3
constitutively shuttles in and out of the nucleus, phosphoryla-
tion-dependent association with CBP/p300 is believed to retain
IRF-3 in the nucleus. Once bound to its coactivator, IRF-3
binds consensus sites termed IFN-stimulated response ele-
ments (ISREs) to induce the transcriptional activation of tar-
get genes that include ISG56, RANTES, and IFN-� (12, 23,
43). Sustained activation of IRF-3 has also been found to
induce cellular apoptosis (15, 55).

The IKK-related kinases TBK1 and IKKε function as essen-
tial components of the virus-activated kinase complex that
phosphorylate and activate IRF-3, as well as the closely related
IRF-7 (49). Intense study of innate immune signaling through
TLRs has placed the TBK1 and IKKε upstream of IRF-3 and
IRF-7 activation and IFN-�/� production (8, 30, 53). TBK1
and IKKε are activated downstream of dsRNA through TLR3
signaling (8), as a component of a MyD88-independent path-
way regulated by the TLR-associated TIR adaptor molecule
TRIF/TICAM-1 (16, 34, 44, 56, 57). IFN-�/� production in
response to LPS signaling through TLR4 also requires TBK1
and IKKε kinase activity and acts through a MyD88-indepen-
dent pathway involving TRIF together with a distinct TIR
domain adaptor molecule, TRAM/TICAM-2 (9, 34). The
TRIF adaptor directly interacts with TBK1 (9, 44), an event
that requires intact TBK1 kinase activity and results in the
posttranslational modification of TRIF by phosphorylation
(44). Interestingly, the domain of TRIF that associates with
TBK1 is in high proximity to the TRAF6 interaction domain, a
region of TRIF required to activate the classical IKK–NF-�B
signaling downstream of dsRNA-TLR3 engagement (44).
Based on these results, MyD88-independent signaling appears
to bifurcate into two distinct pathways downstream of the
TRIF/TICAM-1 adaptor: a TRAF6-dependent cascade that
leads to classical IKK–NF-�B activation and transcriptional
upregulation of proinflammatory genes such as interleukin-6
(IL-6), IL-1� and tumor necrosis factor alpha and a TRAF6-
independent IKK-related cascade that leads directly into IRF
activation and production of TLR3-specific genes such as those
for IFN-�/�, RANTES, and IP-10 cytokines (7, 8, 44, 56).

In the present study we sought to identify the viral determi-
nants responsible for TBK1 or IKKε activation leading to the
phosphorylation of IRF-3 in response to vesicular stomatitis
virus (VSV) infection. We demonstrate in a human lung epi-
thelial cell model that VSV-induced TBK1 activation requires
replication-competent virus and production of viral ribonucle-
oprotein (RNP) complex. Virus and RNP activation appear to
act independently of the TLR3-TRIF pathway, based on ex-
periments in knockout murine embryonic fibroblasts (MEFs).
These data suggest that the host recognition of VSV infection
is triggered by intracellular RNP formation, which activates the
catalytic activity of TBK1 and the transcriptional upregulation
of IKKε.

MATERIALS AND METHODS

Plasmid construction and mutagenesis. Plasmids encoding wild-type (wt)
IRF-7; IRF-7 A477/479, D471/472, D477/479, D483/487, and D475-479; IKKε;
TBK1; glutathione S-transferase–IRF-3 (amino acids 380 to 427) [GST-IRF-
3(aa380-427)]; GST-IRF-3-5A(aa380-427); GST-IRF-7(aa468-503); RANTES/
pGL3; IFNB/pGL3; IFNA14/pGL3; and pRLTK were described previously (22,
49). The IRF-7 point mutants including A471/472, A475/476, A479, A483, A487,
A483/487, D475/476, D477, and D479 were generated by overlap PCR mutagen-
esis with Vent DNA polymerase, and mutations were confirmed by sequencing.
GST-IRF-3(aa380-427) peptide mutants including 3A, 7A, 396/398A, 398/402A,
and 385/386A and GST-IRF-7(aa468-503) peptide mutants including 7A, 471/
472A, 475/476A, 477/479A, 483/487A, 479A, 483A, and 487A were constructed
using in vitro site-directed mutagenesis to introduce specific serine- or threonine-
to-alanine mutations.

Cell culture, transfections, and reagents. BHK-21 T7 cells (a gift from K.
Conzelmann, Federal Research Centre, Munich, Germany) and Vero African
green monkey kidney cells (ATCC CCL-81) were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum (FBS).
A549 human lung carcinoma cells (ATCC CCL-185) were maintained in F-12K
medium supplemented with 10% FBS. All transfections were performed on 95%
confluent tissue culture dishes with Lipofectamine 2000 (Invitrogen) as recom-
mended by the manufacturer, with the exception of data for reverse transcriptase
PCR (RT-PCR) in which Lipofectamine (Invitrogen) was used. Ribavirin
(Sigma) was resuspended in double-distilled water (ddH2O) and used at a con-
centration of 500 �g/ml. Cycloheximide (Sigma) was suspended in dimethyl
sulfoxide (DMSO) and used at a concentration of 200 �g/ml. For both ribavirin
and cycloheximide, A549 cells were pretreated half an hour prior to virus infec-
tion in addition to being present for the duration of the infection. dsRNA
(Sigma) was heated to 50°C and allowed to cool to room temperature prior to
transfection; VSV RNP was used directly from a large-scale isolation stock.

Viral infections. wt VSV (Indiana) was propagated in Vero cells and quanti-
fied by standard plaque assay. Virus infections were performed in the absence of
serum for 1 h, after which growth medium was removed and replaced with fully
supplemented growth medium. Plaque assays for viral quantification were per-
formed in duplicate with log dilutions on 100% confluent Vero cells plated in
six-well dishes. At 1 h after virus inoculation, medium was removed and replaced
with 1% methylcellulose resuspended in complete growth medium. Three days
postinfection, methylcellulose was removed and the cells were fixed with 4%
formaldehyde for a minimum of 30 min at room temperature. Once fixed, cells
were stained with 0.2% crystal violet (resuspended in 20% ethyl alcohol) and
washed with water. Visible plaques were counted in duplicate and averaged to
determine the working titer.

Immunoblot analysis. To investigate the phosphorylation state of IRF-3,
whole-cell extracts (WCE) were subjected to sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) on a 7.5% polyacrylamide gel. Following
electrophoresis, proteins were transferred to Hybond-C transfer membrane
(Amersham) in a buffer containing 30 mM Tris, 200 mM glycine, and 20%
methanol for 2 h at 4°C. The membrane was blocked in 5% dried milk in
Tris-buffered saline (TBS) plus 0.1% Tween 20 (TBST) for 1 h at room temper-
ature and then probed with polyclonal IRF-3 antibody (Santa Cruz Biotechnol-
ogy sc-425), VSV whole virus (a gift from John Bell, Ottawa Cancer Centre),
Flag M2 (Sigma F3168), Myc (Sigma 9E10), IRF-1 (Santa Cruz Biotechnology
sc-9082), IRF-7 (Santa Cruz Biotechnology sc-9083), and actin (Chemicon
MAB1501) immunoblotted under the same conditions with concentrations of 1
�g/ml. Incubations were done overnight at 4°C, and incubation mixtures were
washed in TBST five times for a total of 25 min. Following washes, the membrane
was incubated with peroxidase-conjugated goat anti-rabbit antibody (Amersham)
at a dilution of 1:5,000 for 1 h at room temperature. Following the incubation
with the secondary antibody, the membrane was washed again for 25 min and
then visualized with the enhanced chemiluminescence (ECL) detection system as
recommended by the manufacturer (Amersham Biosciences).

Electrophoretic mobility shift assay. Briefly, cell pellets were treated with 10
mM HEPES–50 mM NaCl–10 mM EDTA–5 mM MgCl2–0.5 mM spermidine–
0.15 mM spermine–0.5 mM phenylmethylsulfonyl fluoride–10 �g of leupeptin/
ml–10 �g of pepstatin/ml–10 �g of aprotinin/ml–1 mM Na3VO4. The suspension
was held on ice for 30 min and brought to 0.1% NP-40 and 10% glycerol
concentrations. Samples were spun for 5 min at 5,000 rpm at 4°C. The superna-
tant was removed, and the pellet was washed in 50 mM NaCl. Nuclear extracts
were obtained in a 10 mM HEPES–400 mM NaCl–0.1 mM EDTA–0.5 mM
dithiothreitol (DTT)–0.5 mM phenylmethylsulfonyl fluoride–10 �g of leupeptin/
ml–10 �g of pepstatin/ml–10 �g of aprotinin/ml–1 mM Na3VO4 solution. Sam-
ples were left to rotate at 4°C for 30 min and spun at 15,000 rpm for 10 min at
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4°C. WCE were assayed for IRF-3 binding in gel shift analysis with a 32P-labeled
double-stranded oligonucleotide corresponding to the ISRE of the IFN-�/�-
inducible ISG15 gene (5�-GATCGGAAAGGGAAACCGAAACTGAAGCC-
3�). Complexes were formed by incubating the probe with 10 �g of nuclear
extract for 20 min at room temperature in 10 mM Tris-Cl (pH 7.5)–1 mM
EDTA–50 mM NaCl–2 mM DTT–5% glycerol–0.5% Nonidet P-40–1 �g of
bovine serum albumin per �l–1.0 �g of poly(dI-dC)/�l. Extracts were run on a
5% polyacrylamide gel (60:1 cross-link) prepared in 0.25� Tris-borate-EDTA.
After being run at 160 V for 3 h, the gel was dried and exposed to a Kodak film
at 	70°C overnight. To demonstrate the specificity of the detected signal, 1 �g
of anti-IRF-3 (Santa Cruz Biotechnology FL-425) or anti-CBP (Santa Cruz
Biotechnology sc-369X) antibody was incubated for 30 min on ice prior to the
addition of the probe to observe a supershift in the complex formation.

VSV RNP complex isolation. Viral RNP complexes were isolated as previously
described (33). Briefly, 5 � 1010 PFU was centrifuged at 30,000 � g for 30 min
at 4°C. The supernatant was removed, and the viral pellet was resuspended in a
low-salt solubilizer solution of 10 mM HEPES (pH 7.5)–5% glycerol–1.85%
Triton X-100–0.6 mM DTT–10 U of RNase A–0.3 M NH4Cl. Following rotation
for 2 h at 4°C, the lysed virion mixture was placed on a 30% glycerol cushion and
spun at 50,000 � g for 90 min in an SW50.1 rotor at 4°C. The bottom pellet was
resuspended in 100 �l of water, analyzed by silver staining and spectrophotom-
etry, and tested for remaining infectious particles by standard plaque assay.

RT-PCR. Whole RNA from treated cells was extracted using Trizol (Invitro-
gen) according to the manufacturer’s instructions. RNA purity was analyzed
using an Agilent 2000 Bioanalyzer. RT-PCR was performed using 1 �g of RNA
resuspended in RNase-free ddH2O and Oligo dT primer (Clontech) according to
the manufacturer’s conditions. Reverse transcription was performed using Su-
perscript II (Invitrogen) at 42°C for 1 h. Following the reverse transcription
reactions, cDNA samples were brought to 100-�l final volumes of which 5 �l was
used as template for each independent PCR with Taq polymerase (Amersham).
RANTES fragments were amplified with 5�-ATCTCGAACTCCTGACCTCAA
GTAATCC-3� and 5�-TACACCAATGGCAAGTGCTCCAACCCAG-3�, and
actin fragments were amplified with 5�-ACAATGAGCTGCTGGTGGCT-3�
and 5�-GATGGGCACAGTGTGGGTGA-3� primers at an annealing tempera-
ture of 60°C. RT-PCR products were run on a 2% agarose gel and revealed
through use of a Typhoon 9400 phosphoimager (Amersham).

In vitro kinase assay. Immunoprecipitations for the in vitro kinase assay were
performed by incubating WCE (150 �g) for 4 h at 4°C with protein A-Sepharose
beads (Amersham Pharmacia, Uppsala, Sweden) precoupled to specific antisera
directed against TBK1 (rabbit polyclonal antibody; a kind gift from Tom Ma-
niatis, Harvard University). The precoupling reaction was performed by incuba-
tion of 0.5 �g of specific antisera per 30 �l of packed Sepharose beads for 2 h at
4°C in TNET buffer (50 mM Tris [pH 7.4], 100 mM NaCl, 1 mM EDTA [pH 8.0],
0.5% NP-40) containing 1% bovine serum albumin. Immunocomplexes were
washed twice in lysis buffer and twice in a standard IKK kinase buffer (20 mM
HEPES, 10 mM MgCl2, 0.1 mM sodium orthovanadate, 20 mM �-glycerophos-
phate, 10 mM p-nitrophenylphosphate, 1 mM DTT, and 50 mM NaCl). The
kinase reaction was performed by incubation of immunocomplexes with 1�
kinase buffer–10 �Ci of [�-32P]ATP–1 mM ATP–0.5 to 1.0 �g of GST substrate
at 30°C for 30 min in a 40-�l volume. Following fractionation of samples by
SDS–10% PAGE, the upper half of the gel was transferred to a nitrocellulose
membrane and blotted for immunoprecipitated kinase; the lower half of the gel
was stained with Coomassie blue for 15 min, destained in 10% methanol–10%
acetic acid for 1 h, soaked in 2% glycerol for 30 min, dried, and exposed to
Biomax XR film (Kodak).

Preparation of baculovirus-expressed IKK� and TBK1. Vectors for produc-
tion of recombinant baculoviruses were generated by subcloning IKKε and TBK1
cDNAs into the pAcH6N1 vector. For preparation of purified recombinant IKKε
and TBK1, 15-cm-diameter tissue culture plates were seeded with 2 � 107 Sf9
insect cells (BD Biosciences) per plate. Fresh TMN-FH medium (BD Bio-
sciences) containing 10% heat-inactivated FBS was added to make up a final
volume of 30 ml per plate. Sf9 cells were infected (multiplicity of infection [MOI]
of 
1.0) with a high-titer stock solution of recombinant baculoviruses integrated
with human TBK1 and IKKi cDNA (minimum titer, 108 virus particles/ml).
Following incubation at 27°C for 3 days, the cells were harvested by centrifuga-
tion at 2,500 rpm for 10 min. Following resuspension of the cell pellet with 1 ml
of cold lysis buffer (50 mM Tris [pH 7.5], 650 mM NaCl, 5% Triton X-100, 50
mM NaF, 50 mM NaPi [pH 7.5], 50 mM NaPPi [pH 7.5]), the lysate was
incubated on ice for 1 h and centrifuged at 13,000 rpm for 30 min. The super-
natant was incubated with His-binding beads (Novagene; 0.5 ml of supernatant
per 50 �l of beads) preequilibrated with His binding buffer for 1 h at 4C. Beads
were washed with His washing buffer three times, and recombinant proteins were

eluted in His eluting buffer for 30 min at 4°C. Control and purified kinase extract
(500 ng) was used in a standard IKK in vitro kinase assay as described above.

Luciferase assay. Subconfluent cells in 35-mm-diameter tissue culture dishes
were transfected with 20 ng of pRLTK reporter (Renilla luciferase for internal
control) and 100 ng of pGL3 reporter (firefly luciferase, experimental reporter)
with use of Lipofectamine 2000 (Invitrogen) as detailed by the manufacturer.
Cells were harvested 24 h posttransfection, lysed in passive lysis buffer (Pro-
mega), and assayed for dual-luciferase activity with use of 5 �l of lysate according
to the manufacturer’s instructions. All firefly luciferase values were normalized
to Renilla luciferase to control for transfection efficiency, and results shown
represent the averages of at least three independent experiments.

RESULTS

VSV-induced activation of the antiviral state. Initially, a
time course analysis of VSV infection was performed in the
human epithelial A549 cell model to determine the kinetics of
the IFN response to virus infection. A549 cells, infected with
VSV at an MOI of 10.0, were harvested at various times from
0 to 48 h postinfection (hpi); WCE (50 �g) were submitted to
one-dimensional gel electrophoresis and immunoblotted with
antisera to IRF-3, IRF-3 S396P, IRF-7, IRF-1, ISG56, actin,
and VSV (Fig. 1A). C-terminal phosphorylation of IRF-3 fol-
lowing VSV infection was observed between 8 and 24 h, as
detected by the appearance of the phosphoforms III and IV
(Fig. 1A, lanes 3 to 7). In addition to the slower-migrating
forms, IRF-3 phosphorylation was also confirmed using the
Ser396 phosphospecific antibody (Fig. 1A, lanes 3 to 7) (47).
At 24 hpi IRF-3 phosphorylation was decreased, based on the
phosphospecific S396 IRF-3 antibody and the disappearance of
forms III and IV (Fig. 1A, lanes 8 and 9). Throughout the
course of VSV infection, the induction of the IRF-3-responsive
gene ISG56 and IFN-responsive genes such as those for IRF-1
and IRF-7 was also observed (Fig. 1A, lanes 4 to 9). RT-PCR
demonstrated that induction of IRF-3-dependent RANTES
mRNA (11, 23) was observed as early as 8 hpi and was sus-
tained for the duration of the infection kinetics (Fig. 1A, bot-
tom panel, lanes 3 to 9); similar results were obtained for
IFN-� mRNA expression (data not shown).

To demonstrate nuclear translocation and DNA binding,
nuclear extracts were analyzed for IRF-3 binding to the ISRE
of the ISG15 gene. Phosphorylation of the IRF-3 C terminus,
as observed by induction of forms III and IV and S396 phos-
phorylation, correlated with the ability of IRF-3 to bind DNA
(Fig. 1A and B, lanes 3 to 8). Infection by VSV induced two
specific complexes on the ISG15 ISRE (54), which represent
IRF-3 and IRF-3 bound to CBP (Fig. 1B, lanes 3 to 7). Binding
was detected at 8 hpi and increased until 24 hpi (Fig. 1B, lanes
3 to 7). At 36 and 48 hpi, binding of IRF-3 to the ISRE was no
longer detected, which correlated with decreased IRF-3 phos-
phorylation (Fig. 1B, lanes 8 and 9). These data demonstrate
that VSV infection induces the phosphorylation and activation
of IRF-3 and the transcriptional upregulation of immuno-
modulatory genes such as IRF-1, ISG56, IRF-7, and RANTES
during the course of VSV infection of A549 cells.

VSV-induced IRF-3 activation is MOI dependent and re-
quires virus replication. Next, VSV infection at different MOIs
was performed and analyzed by SDS-PAGE and immunoblot-
ting. VSV infection at MOIs of 0.1, 1.0, 10, and 100 was
performed in A549 cells, and cells were harvested at 0, 2, 4, and
6 hpi (Fig. 2A). At an MOI of 0.1 or 1.0, no IRF-3 phosphor-
ylation was observed within the first 6 h of infection (Fig. 2,
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lanes 1 to 8). At an MOI of 10, IRF-3 activation was detectable
at 4 to 6 hpi, which correlated with the appearance of the VSV
nucleocapsid (N) protein (Fig. 2, lanes 11 and 12); at an MOI
of 100, VSV induced IRF-3 phosphorylation by 4 hpi (Fig. 2,
lanes 15 and 16). To evaluate whether virus transcription
and/or translation was required for IRF-3 phosphorylation,
VSV infection (MOI of 10) was performed in the presence or
absence of either ribavirin, an inhibitor of RNA-dependent
RNA polymerase (RdRp) transcription (35), or cycloheximide,
an inhibitor of translation (10), for 0 to 6 hpi (Fig. 2B). Riba-
virin treatment blocked IRF-3 phosphorylation (Fig. 2B, lanes
6 to 8), demonstrating the requirement for VSV transcription,
as previously established with other single-stranded RNA vi-
ruses (48, 51, 54), To ensure that ribavirin treatment inhibited
the primary transcription of VSV, the expression of VSV N
protein and VSV N mRNA was evaluated through immuno-

blotting and RT-PCR analysis, respectively. Neither VSV N
protein nor mRNA was detected in the presence of ribavirin,
indicating a complete block in RdRp activity (Fig. 2B, two
middle panels, lanes 6 to 8). Similarly, treatment with cyclo-
heximide induced an IRF-3 shift from form I to form II in the
absence of virus infection (Fig. 2B, lane 13) (48), but VSV
infection in the presence of cycloheximide failed to induce
IRF-3 form III or IV (Fig. 2B, lanes 6 to 8). This experiment
suggested that VSV primary transcription and de novo trans-
lation of VSV are required for the induction of C-terminal
IRF-3 phosphorylation.

Differential induction of IRF-3 phosphorylation by VSV in-
fection, dsRNA, and RNP. Based on the above results and
previous observations with Sendai and measles virus models
(48, 54), we hypothesized that intracellular accumulation of
VSV RNP complex may be recognized by a pathway leading to

FIG. 1. VSV-induced activation of the antiviral state. (A) WCE (50 �g) prepared from A549 cells infected with VSV (MOI of 10.0) from 0 to
48 hpi was resolved by SDS–7.5% PAGE and transferred to nitrocellulose. IRF-3, IRF-3 S396, IRF-7, IRF-1, ISG56, VSV proteins, and actin were
detected by immunoblotting with specific antisera. VSV nucleocapsid protein is denoted by N. Additionally, A549 whole-cell RNA extract was
obtained from a duplicate experiment for RT-PCR analysis of RANTES and actin as indicated. (B) WCE as outlined above was used to analyze
IRF-3 binding activity by electrophoretic mobility shift assay with the ISRE of the ISG15 probe. Arrows indicate complexes of IRF-3 and
IRF-3/CBP.

VOL. 78, 2004 ACTIVATION OF TBK1 AND IKKε KINASES BY VSV INFECTION 10639



IRF-3 activation. To test this idea, the VSV RNP complex was
purified from VSV virions (33), transfected into A549 cells,
and compared to de novo VSV infection and dsRNA
[poly(I) � poly(C)] transfection with respect to IRF-3 activation
(Fig. 3). VSV RNP induced IRF-3 phosphorylation as effec-
tively as did either VSV infection (MOI of 100, 6 hpi) or
dsRNA; the S396 phosphospecific antibody confirmed the C-
terminal phosphorylation of IRF-3 (Fig. 3A, top two panels,
lanes 2 to 4). Furthermore, both IRF-1 and ISG56 expression
were induced in response to VSV or RNP but were only weakly
induced by dsRNA; with dsRNA as inducer, a weaker phos-
phorylation of Ser396 than that with VSV or RNP was also
observed (Fig. 3A, middle panels, lanes 2 to 4). To ensure that
VSV RNP transfection did not induce viral infection, immu-
noblotting against VSV proteins demonstrated that only VSV
infection produced VSV G and N proteins (Fig. 3A, lane 2);
thus, purified RNP was transcriptionally inert. Additionally,

VSV RNP preparations were evaluated for infectivity by a
standard plaque assay and demonstrated that VSV RNP did
not induce plaque formation (data not shown). The DNA
binding capacity of IRF-3 in response to VSV, dsRNA, or
RNP was also tested (Fig. 3B). As expected, IRF-3 and IRF-
3/CBP complexes were induced following VSV infection or
transfection of dsRNA or RNP (Fig. 3B, lanes 2 to 4).

Since minute levels of the L and P subunits of the VSV
RdRp have been reported to fractionate during RNP isolation
(33), an experiment was performed to ensure that RNP-de-
pendent IRF-3 activation was not dependent on VSV polymer-
ase activity. A549 cells were treated with ribavirin or cyclohex-
imide prior to RNP transfection to evaluate whether blocking
RdRp transcription or translation could inhibit RNP-induced
IRF-3 activation. Regardless of treatment, IRF-3 phosphory-
lation was detected at 6 h post-RNP transfection (Fig. 3C,
lanes 2 to 4). Furthermore, the IRF-3-responsive ISG56 pro-

FIG. 2. VSV-induced IRF-3 phosphorylation is MOI dependent and requires virus replication. (A) A549 cells were treated with VSV at MOIs
of 0.1, 1.0, 10, and 100 for 0, 2, 4, and 6 hpi as indicated. WCE (50 �g) was analyzed by SDS–7.5% PAGE, transferred to nitrocellulose, and
immunoblotted for IRF-3, IRF-3 S396, and antisera to VSV. (B) A549 cells were pretreated with ddH2O, DMSO, cycloheximide (CHX; 100
�g/ml), or ribavirin (500 �g/ml) 30 min prior to VSV infection (MOI of 10). WCE was analyzed by SDS–7.5% PAGE, transferred to nitrocellulose,
and immunoblotted for IRF-3 and VSV antisera (N denotes nucleocapsid protein). RNA isolated from duplicate samples was subjected to
RT-PCR and analyzed using specific primers for VSV N and actin.
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tein was induced in the presence of ribavirin (Fig. 3C, lane 3),
but synthesis was blocked by the protein synthesis inhibitor
cycloheximide (Fig. 3C, lane 4).

As an additional control to demonstrate that VSV RNP
could induce IRF-3 activation independently of RdRp activity,
synthetic RNP was generated by de novo transcription and
translation of VSV N cDNA (pBS-VSV N) and the cDNA of
the VSV genome (pBS VSV FL) as previously described (33).
Two independent reactions were performed; one reaction mix-
ture was subjected to T7 polymerase transcription, and the
other reaction mixture was transcribed and translated using a
rabbit reticulocyte lysate. A cycloheximide-treated rabbit re-
ticulocyte lysate was also added to the in vitro transcription
reaction mixture as an additional control. The transcribed and
translated products were transfected into A549 cells and ana-
lyzed for IRF-3 and ISG56 at 6 h (Fig. 3D). Although de novo
purified VSV RNP was the strongest inducer of IRF-3 phos-
phorylation and ISG56 induction (Fig. 3D, lane 2), in vitro-
transcribed and -translated RNP was also able to induce IRF-3
phosphorylation and ISG56 expression (Fig. 3D, lane 3). How-

ever, in vitro transcription of the VSV genome and N mRNA
in the absence of VSV N translation failed to induce IRF-3
phosphorylation (Fig. 3D, lane 4), thus reflecting the require-
ment for intact RNP complexes.

Activation of TBK1 in response to VSV infection, dsRNA,
and RNP. Since TBK1 is the critical kinase upstream of IRF-3
phosphorylation, we investigated whether RNP and dsRNA
induced the catalytic activity of TBK1 in a manner similar to
that of virus infection (Fig. 4). All three stimuli induced TBK1
kinase activity in A549 cells, as demonstrated by specific phos-
phorylation of a GST-IRF-3(aa380-427) peptide substrate
(compare Fig. 4, control lanes 1 to 6, with lanes 10 to 12, 13 to
18, and 22 to 24, upper panel). Comparable levels of TBK1
were immunoprecipitated in each reaction (Fig. 4, middle pan-
els), and for all three stimuli, induction of TBK1 kinase activity
in vitro correlated with the appearance of phosphorylated
forms III and IV of IRF-3 in vivo (Fig. 4, bottom panels).
Significant differences with respect to the kinetics of TBK1
activation were observed; dsRNA treatment resulted in rapid
induction of TBK1 kinase activity, as early as 1 h posttransfec-

FIG. 3. VSV infection, dsRNA, or RNP induces an antiviral response. (A) A549 cells were treated with either vector alone, vector and VSV
(MOI of 10), dsRNA, or RNP for 6 h. WCE (50 �g) was analyzed by SDS–7.5% PAGE, transferred to nitrocellulose, and immunoblotted for
IRF-3, IRF-3 S396, IRF-1, ISG56, VSV antisera, or actin as indicated. (B) WCE (5 �g) as outlined was used to analyze IRF-3 binding activity by
electrophoretic mobility shift assay with the ISRE of the ISG15 probe. Arrows indicate the protein-DNA complexes of IRF-3 and IRF-3/CBP.
(C) A549 cells were pretreated with vehicle (ddH2O or DMSO), ribavirin (500 �g/ml), or cycloheximide (100 �g/ml) 30 min prior to RNP
treatment as indicated. WCE (30 �g) was analyzed by SDS–7.5% PAGE, transferred to nitrocellulose, and immunoblotted for IRF-3 and ISG56.
(D) In vitro transcriptions either alone or coupled to in vitro translation of VSV N cDNA and VSV genome cDNA were transfected into A549
cells and compared to de novo isolated RNP transfection for 6 h. WCE (60 �g) was analyzed by SDS–7.5% PAGE, transferred to nitrocellulose,
and immunoblotted for IRF-3 and ISG56 as indicated.
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tion (Fig. 4, lane 13, upper panel). Importantly, both VSV
infection and RNP treatment activated TBK1 with identical
kinetics, detectable in the kinase assay at 4 h poststimulation
(Fig. 4, lanes 10 and 22, upper panel, respectively). Together,
these data demonstrate that VSV infection, ribonucleoprotein
complexes, and dsRNA can activate TBK1 activity, IRF-3
phosphorylation, and induction of the IFN antiviral response,
although, based on the kinetics of kinase activation, dsRNA
potentially uses a pathway that is distinct from that used by
VSV or RNP.

VSV infection induces IRF-3 phosphorylation independently
of TLR3 and TRIF. Since TBK1 and IKKε are downstream of
dsRNA-TLR3 signaling (8, 30), we sought to determine
whether TLR3 or TRIF was required for VSV- and/or dsRNA-
induced IRF-3 phosphorylation. Control MEFs or MEFs de-
rived from targeted gene disruption of TLR3 were infected
with VSV or transfected with poly(I) � poly(C) and harvested 0
to 6 h posttreatment (Fig. 5A and B). VSV infection induced
IRF-3 phosphorylation at 4 h after infection in both wt MEFs
and TLR3	/	 MEFs (Fig. 5A, lanes 2 to 4 and 6 to 8). Sur-
prisingly, poly(I) � poly(C) transfection induced IRF-3 phos-
phorylation, regardless of the presence or absence of TLR3
(Fig. 5B, lanes 2 and 6). However, unlike IRF-3 phosphoryla-
tion in response to VSV, dsRNA induced rapid IRF-3 phos-
phorylation at 2 h, a response that was followed by IRF-3
degradation (Fig. 5B, lanes 3 and 4 and lanes 7 and 8). In other
preliminary studies, virus infection led to the activation of the
IFN-� promoter in TRIF	/	 fibroblasts, indicating that acti-
vation by virus was independent of TRIF (data not shown).
Taken together, these results demonstrate that VSV and trans-
fected dsRNA, unlike simple overlay of dsRNA, induce IRF-3
C-terminal phosphorylation independently of TLR3 expres-
sion. Furthermore, IRF-3 phosphorylation was also detected in
VSV-infected MEFs derived from TRIF-deficient mice and
compared to the TLR3	/	 MEFs (Fig. 5C, lanes 2 and 4,
respectively). This observation demonstrates that, in the ab-
sence of TLR3 and TRIF signaling components, VSV was able
to induce IRF-3 phosphorylation in a TLR3- and TRIF-inde-
pendent manner.

IKK� expression partially compensates for TBK1 defi-
ciency. Next TBK1�/� or TBK1	/	 MEFs (3) were infected
with VSV (MOI of 10) or transfected with either dsRNA or
purified RNP for 0 to 9 h, to determine whether IRF-3 acti-
vation was impaired in the absence of TBK1. WCE from

TBK1�/� cells showed IRF-3 phosphorylation within 6 h of
VSV infection, 3 h following dsRNA transfection, or 6 h post-
RNP transfection (Fig. 6A, lanes 3, 6, and 11, respectively).
Interestingly, expression of the closely related IKKε was in-
duced by VSV, dsRNA, or RNP treatment within 3 h post-
stimulation (Fig. 6A, lanes 2, 6, and 10). In contrast, IRF-3
phosphorylation in TBK1	/	 MEFs infected with VSV or
treated with dsRNA or RNP was dramatically reduced com-
pared to that in TBK1�/� cells (Fig. 6B). In both TBK1�/� and
TBK1	/	 MEFs, induction of IKKε expression was intact and
was stimulated at 3 h after VSV, dsRNA, or RNP treatment,
essentially as observed in TBK1�/� cells (Fig. 6B, lanes 2, 6,
and 10).

To determine whether the reduction in IRF-3 phosphoryla-
tion in TBK1	/	 MEFs was also reflected in a decrease in
IRF-dependent transcription, reporter gene assays with the
ISRE-driven RANTES promoter lacking NF-�B responsive-
ness (�Bm RANTES) were evaluated (23) (Fig. 7). VSV in-
fection (MOI of 0.1) induced 
9-fold induction of the �Bm
RANTES promoter in TBK1�/� MEFs, whereas in TBK1	/	

MEFs, induction was decreased to �3-fold. This result sug-
gests that activation of TBK1 is required to achieve robust
activation of IRF-3 following virus infection (Fig. 7). �Bm
RANTES-driven luciferase levels were low in both TBK1�/�

and TBK1	/	 MEFs, and stimulation with dsRNA or RNP
yielded values too low to be statistically analyzed following
standardization (data not shown). Also, the IRF-7 expression
construct and the IFNA4 promoter construct were transfected
into TBK1�/� and TBK1	/	 MEFs and infected with VSV
(MOI of 0.1) or treated with dsRNA or RNP for 16 h. In
TBK1�/� MEFs, VSV, dsRNA, and RNP stimulated 18-, 24-,
and 6-fold induction of the IRF-7-dependent IFNA4 pro-
moter, respectively (Fig. 7), whereas in TBK1	/	 MEFs,
IFNA4 activity was diminished 11-, 13-, and 1.4-fold, respec-
tively, suggesting that TBK1 was also required for full IRF-7
activation (Fig. 7). Thus, TBK1 expression is required for full
induction of IRF-3 and IRF-7 as previously demonstrated.
However, induction of IKKε expression in response to VSV,
dsRNA, and RNP may contribute to kinase activity that in part
compensates for the absence of TBK1 and induces IRF-3 and
IRF-7 activity.

TBK1 and IKK� demonstrate redundancy with respect to
IRF-3 and IRF-7 C-terminal phosphorylation. The IRF-3 car-
boxyl terminus (aa 380 to 427 region) (Fig. 8A) contains sev-

FIG. 4. Activation of TBK1 kinase activity by VSV infection, dsRNA, or RNP complex. A549 cells were treated with vehicle (Control), VSV
(MOI of 100), dsRNA, or VSV RNP for the time points indicated. WCE (1 mg) was immunoprecipitated with anti-TBK1 antisera, and following
washing, the immunoprecipitate was assayed for IRF-3 kinase activity (top panels) or transferred to nitrocellulose and immunoblotted for TBK1
expression to ensure equal binding (middle panels). Additionally, duplicate WCE (50 �g) were analyzed by Western blotting to detect IRF-3
phosphorylation (bottom panel). hpt, hours posttreatment.
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eral serine and threonine residues that are important for full
activation of IRF-3 in response to virus infection (24, 26, 47,
58). The seven residues are grouped into two distinct clusters,
a two-residue 385-386 cluster at the amino terminus of the
IRF-3 transactivation domain (cluster I) and a five-residue 396
to 405 cluster at the carboxy terminus of the transactivation
domain (termed the 5S/T cluster II). Six GST-IRF-3(aa380-
427) peptide mutants were constructed to introduce specific
Ser- or Thr-to-Ala mutations. Equal amounts of recombinant
IKKε and TBK1 purified from baculovirus-infected Sf9 cells
were used in a standard in vitro kinase assay with the wt and

the GST-IRF-3(aa380-427) peptides as substrates (Fig. 8A).
Both TBK1 and IKKε directly phosphorylate IRF-3 within the
carboxyl terminus (Fig. 8A, lanes 1 and 8), although TBK1
activity was consistently higher. The two kinases exhibited an
identical pattern of direct IRF-3 carboxy-terminal phosphory-
lation (Fig. 8A, compare lanes 1 to 7 with lanes 8 to 14).
Mutation of the seven critical C-terminal residues abolished
IRF-3 phosphorylation by IKKε or TBK1 (Fig. 8A, lanes 2 and
9). Mutation of the cluster II serine/threonine residues to ala-
nine diminished 
90% of the IKKε- or TBK1-mediated IRF-3
phosphorylation (Fig. 8A, lanes 3 and 10), clearly demonstrat-

FIG. 5. VSV infection induces IRF-3 phosphorylation in the absence of TLR3 or TRIF. (A) C57/BL TLR3	/	 MEFs and wt control MEFs
were infected with VSV (MOI of 10) or treated with poly(I) � poly(C) dsRNA for 0 to 6 h. WCE (50 �g) derived from VSV-infected cells were
analyzed by SDS–7.5% PAGE; transferred to nitrocellulose; and blotted for IRF-3, TLR3, and actin as indicated. (B) WCE (50 �g) derived from
dsRNA-treated TLR3	/	 MEFs and wt control MEFs were analyzed as described for panel A. (C) WCE (40 �g) prepared from TRIF	/	 or
TLR3	/	 MEFs were infected with VSV (MOI of 10) for 9 h and immunoblotted for IRF-3 and VSV N as indicated. hpt, hours posttreatment.
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ing that the cluster II residues within the IRF-3 C terminus are
the primary targets for phosphorylation by IKKε and TBK1.

The specific S402A mutation within the 5S/T cluster was
associated with the loss of a majority of IRF-3 phosphorylation

by TBK1 and IKKε (Fig. 8A, lanes 4, 6, 10, and 12). The
position of S402 as the second residue within a mitogen-acti-
vated protein kinase–IKK SerXXXSer recognition motif (Fig.
8A) is consistent with the target motif previously documented

FIG. 6. Defective IRF-3 activation in TBK1	/	 MEFs. (A) C57/BL wt MEFs were treated with VSV (MOI of 10), dsRNA, or RNP for 0, 3,
6, and 9 h. WCE (55 �g) were analyzed by SDS–7.5% PAGE, transferred to nitrocellulose, and immunoblotted for murine IRF-3, IKKε, and VSV
(ns, G, P, and N denote nonspecific, VSV glycoprotein, VSV phosphoprotein, and VSV nucleocapsid protein, respectively). (B) C57/BL MEFs
disrupted in TBK1 gene expression were treated and analyzed as described for panel A.

FIG. 7. Reduced RANTES and IFNA4 expression in TBK1	/	 MEFs. (A) C57/BL TBK1�/� and TBK1	/	 cells were transfected with a
luciferase reporter plasmid encoding the �Bm RANTES promoter and treated with VSV for 16 h (MOI of 0.1). (B) C57/BL TBK1�/� and
TBK1	/	 cells were transfected with an IFNA4 promoter luciferase plasmid and an IRF-7 expression plasmid. Luciferase activities were expressed
as fold activation relative to the basal level; values represent the averages of two experiments, performed in duplicate.
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for TBK1 and IKKε in the amino-terminal domain of I�B�
(17, 20, 36, 50).

Next, to determine which of the C-terminal residues within
IRF-7(aa468-491) are directly targeted by the IKK-related ki-
nases, peptide substrates corresponding to the wt and eight
Ser-to-Ala mutants of GST-IRF-7 were analyzed by in vitro
kinase assay with purified IKKε and TBK1 (Fig. 8B). GST-
IRF-7(aa468-503) is phosphorylated more efficiently by TBK1
than is IKKε (Fig. 8B, compare lanes 1 and 8); moreover, the
two kinases exhibit an identical specificity with respect to direct
IRF-7 C-terminal phosphorylation (Fig. 8B, compare lanes 1
to 9 with lanes 10 to 18). Mutation of seven residues within the
aa 475 to 487 domain abolished TBK1- and IKKε-mediated
phosphorylation of IRF-7 (Fig. 8B, lanes 2 and 11). Similarly,

an S477/479A mutation decreased �80% of direct IRF-7 phos-
phorylation by IKKε and TBK1 (Fig. 8B, lanes 5 and 10), while
a mutation of S479A reduced phosphorylation by approxi-
mately 50%. Based on these results, the Ser477 and Ser479
residues appear to be the primary target for phosphorylation
by IKKε and TBK1. The position of Ser479 within the IRF-7
carboxyl terminus is consistent with the SXXXS consensus
motif; however, the S479A mutation did not completely abol-
ish direct phosphorylation by TBK1 and IKKε, presumably due
to phosphorylation at Ser477.

In an effort to correlate the IRF-7 in vitro phosphorylation
with transactivation potential, full-length IRF-7 Ala point mu-
tations (Fig. 8B) were generated and cotransfected into 293
HEK cells together with an IFNA4 promoter construct. Coex-

FIG. 8. Purified TBK1 and IKKε kinases share identical IRF-3 and IRF-7 substrate specificities. (A) Schematic representation of IRF-3.
Positions of the DNA binding domain (DBD), nuclear localization sequence (NLS), nuclear export sequence (NES), proline-rich domain (Pro),
IRF interaction domain (IAD), and regulatory domain (RD) are indicated. Recombinant TBK1 (0.5 �g, lanes 8 to 14) and IKKε (0.5 �g, lanes
1 to 7) purified from baculovirus-infected Sf9 insect cells were used for in vitro kinase analysis of wt and S/T-to-A mutants of GST-IRF-3(aa380-
427). Kinase reactions were resolved by SDS–10% PAGE and analyzed by autoradiography; positions of phosphorylated GST-IRF-3 are indicated.
(B) Schematic representation of IRF-7. Positions of the DNA binding domain (DBD), constitutive activation domain (CAD), virus activation
domain (VAD), regulatory domain (RD), and nuclear export signal (NES) are indicated. GST-IRF-7(aa468-503) peptide substrates are detailed.
Recombinant TBK1 (0.5 �g, lanes 10 to 18) and IKKε (0.5 �g, lanes 1 to 9) purified from baculovirus-infected Sf9 insect cells were used for in
vitro kinase analysis of wt and S/T-to-A mutants of GST-IRF-7(aa468-503) peptide substrates. Kinase reactions were resolved by SDS–10% PAGE
and analyzed by autoradiography; positions of phosphorylated GST-IRF-7 are indicated.
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pression of wt and point-mutated IRF-7 forms alone resulted
in a relatively modest 10- to 30-fold stimulation of IFNA4
promoter activity (data not shown). On the other hand, coex-
pression of wt IRF-7 together with IKKε (Fig. 9A) or TBK1
(Fig. 9B) enhanced IFNA4 reporter activity up to 2,000-fold.
IRF-7 proteins with mutations in two distinct clusters—S471/
472A and S483/487A—were unable to respond to IKKε (Fig.
9A) or TBK1 (Fig. 9B) activation; an IRF-7 form that was
mutated at S477/479A was also severely reduced, implicating
these residues as important sites for IRF-7 activation. Inter-
estingly, replacement of four serines at aa 475 to 479 with the
phosphomimetic Asp generated a form of IRF-7 that transac-
tivated IFNA4 �800-fold in the absence of stimulation (Fig.
9C). Other Asp substitutions within the aa 475 to 479 cluster
also generated active forms of IRF-7 (Fig. 9C, D475/476,
D477/479, D479, and D477), but these were not as active as the
D475-479 construct. Cotransfection with TBK1 activated wt
IRF-7 as well as Asp mutants to very high levels (2,000- to
6,000-fold stimulation) (Fig. 9D). Interestingly, mutation of

Ser471 and Ser472 to Asp generated an inactive form of IRF-7
that was unresponsive to virus infection (25) or TBK1 activa-
tion (Fig. 9C and D). By analogy with IRF-3 Ser residues at 385
and 386 (19, 58), mutation of these Ser residues within the SSL
motif of IRF-7 at positions 471 to 473 resulted in a protein that
was transcriptionally inert. In contrast, Ser residues at posi-
tions 477 and 479 of IRF-7, like the Ser residues at 396 and 398
in IRF-3, produced constitutively active IRF proteins when
mutated to Asp and a dramatic reduction in their inducibility
by either TBK1 or IKKε when replaced with Ala residues (Fig.
9A and B). Mutation of the Ser residues at positions 483 and
487 to Ala totally eliminated both virus and IKKε and TBK1
activation (Fig. 9A and B); however, mutation of these two
residues to Asp resulted in a protein that had no constitutive
activity (Fig. 9C) but was still fully inducible by TBK1 (Fig. 9D)
or virus infection (data not shown). In total, both TBK1 and
IKKε share closely related specificities for the C-terminal
serine residues of both IRF-3 and IRF-7 that have an impact
on the inducibility of IRF-7 in coexpression studies.

FIG. 9. Activation of the IFNA4 promoter by wt and point mutations of IRF-7. HEK 293 cells were transfected with pRLTK control plasmid;
a luciferase reporter plasmid containing the IRF-7-responsive IFNA4 promoter; and either a control plasmid or a plasmid encoding wt (IRF-7
WT), a series of serine-to-alanine (A and B) mutants of IRF-7, or a series of serine-to-aspartic acid (C and D) mutants of IRF-7, in the absence
(C) or the presence of either IKKε (A) or TBK1 (B and D) as indicated. The point mutation of the IRF-7 plasmid is indicated under each bar.
Luciferase activity was analyzed 24 h posttransfection as fold activation relative to the basal level of reporter gene in the presence of control vector
(after normalization with cotransfected Renilla relative light units). Values represent the averages of three independent experiments performed
in duplicate, with variability shown by error bars.
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DISCUSSION

The initial demonstration that the virus-activated kinase ac-
tivity responsible for IRF-3 and IRF-7 C-terminal phosphory-
lation is TBK1 and that its inducible counterpart is IKKε (8,
49) provides an important link between TLR signaling and the
IRF transcription factors (7, 9). Although both LPS and
dsRNA induce IRF-3 activation in a TLR-dependent manner
(7), virus-induced activation of IRF-3 is not abolished in the
absence of TLR3 or the TIR adaptor molecule TRIF. Clearly,
dsRNA-induced TLR3 signaling into IRF-3 and IRF-7 activa-
tion via TBK1 and IKKε represents a fundamental mechanism
for IFN-�/� production in mammalian cells, although TLR3
engagement by dsRNA (1) is not the sole trigger for TBK1-
IKKε activation in the context of de novo virus infection. Since
VSV infection induced IRF-3 phosphorylation in a TRIF- and
TLR3-independent manner, a viral structural component
could be involved in TBK1 activation. Both measles virus and
Sendai virus nucleocapsid proteins were shown previously to
induce IRF-3 phosphorylation (47, 54), and with the present
study, we demonstrate that RNP complexes isolated from
whole VSV virions activated TBK1 kinase and induced IRF-3
phosphorylation with kinetics similar to those observed with
VSV infection. Furthermore, the delayed kinetics of TBK1
induction by RNP compared to the rapid kinetics with dsRNA
(3 h versus 30 min, respectively) suggested distinct mechanisms
of detection, and in this regard, RNP appears to represent a
TLR3-independent, intracellular mimic of virus infection. The
recent demonstration that TLR7 recognizes single-stranded
RNA viruses such as VSV and influenza virus is consistent with
the present results (6, 14, 28) and suggests that RNP may
deliver single-stranded RNA to the endosome compartment
where it is sensed by TLR7 and/or that an additional TLR-like
mechanism recognizes a protein component of RNP. Further-
more entry of enveloped virus particles from diverse virus
families is sufficient to elicit a similar innate IRF-3-dependent
response (5).

Direct in vitro phosphorylation of IRF-3 and IRF-7 with
purified recombinant IKKε and TBK1 demonstrated that the
two kinases exhibit identical specificity in vitro for carboxyl-
terminal Ser/Thr sites. Our results are in agreement with those
of McWhirter et al. (30) and demonstrate that mutation of the
five cluster II residues to alanine abolished the majority of
TBK1- or IKKε-directed phosphorylation; the residual kinase
activity was completely abolished with further mutation of the
cluster I residues at S385/386. Thus, TBK1 and IKKε primarily
target the cluster II S/T residues. Furthermore, mutation of
Ser402 abolished most of the direct phosphorylation; this re-
sult is consistent with the consensus recognition motif of TBK1
and IKKε, previously established in vitro with the SXXXS
motif of I�B� (36, 50). However, identification of S402 as the
target site for TBK1 and IKKε, together with the identification
of Ser396 as the essential residue for IRF-3 activation (47),
suggests that phosphorylation at S402 by TBK1 and IKKε may
represent the initial step of a multistep process (26, 37) involv-
ing IKKε and TBK1 and/or potentially another, as-yet-uniden-
tified kinase.

Phosphorylation of the IRF-7 carboxyl terminus by the
TBK1 and IKKε directly targets two Ser residues, S477 and
S479. Mutation of these residues to Ala abolished TBK1 and

IKKε phosphorylation of the IRF-7 carboxyl terminus. These
results are consistent with the functional analysis of IRF-7: an
S477/479D phosphomimetic mutation enhanced the IRF-7
transactivation of the IFNA4 promoter, whereas Ala substitu-
tion abolished the IRF-7 transactivation in response to VSV
infection. The S479 residue also lies within an SXXXS con-
sensus motif; however, in vitro kinase assays indicated that an
S479A substitution only partially diminished direct TBK1 and
IKKε phosphorylation. The diversity of substrate recognition
by the TBK1 and IKKε kinases for the carboxy terminus of
IRF-7 suggests that there is still much to be learned about the
enzymatic specificity of IKKε and TBK1.

The differential expression of TBK1 and IKKε may reflect
distinct, nonredundant roles in the activation of IFN signaling.
TBK1 is constitutively and ubiquitously expressed (3) and cor-
relates with the expression of IRF-3 (2, 24, 27), while IKKε
expression is inducible in nonhematopoietic cells in response
to a variety of stimuli including LPS and phorbol ester (21, 36,
50). The expression pattern of IKKε in fact is reminiscent of
that of IRF-7, which is also regulated at the transcriptional
level (29, 41). In an effort to discern the functional differences
between TBK1 and IKKε, the effects of VSV, dsRNA, and
RNP treatment were compared in TBK	/	 MEFs, and a dra-
matic decrease in IRF-3 phosphorylation was observed in cells
lacking TBK1. However, in contrast to the results of Mc-
Whirter et al. (30) C-terminal IRF-3 phosphorylation and tran-
scriptional activity were not completely abolished; rather a
delayed kinetics of induction was observed that correlated with
upregulation of IKKε expression. The induction of IKKε ki-
nase activity may in fact partially compensate for the TBK1
defect.

Identification of the specific virus-responsive phosphoaccep-
tor sites within the carboxyl-terminal signal-responsive regions
of IRF-3 and IRF-7 has been the focus of significant effort.
Characterization of these sites is important, with implications
for the development of efficient analytical reagents to monitor
IRF-3 and IRF-7 activation in vivo. Mutagenesis of the IRF-3
carboxyl-terminal domain has been performed previously to
determine which residues are targeted for phosphorylation
during virus infection. Mutation of the cluster I Ser385/386 to
Ala abolished IRF-3 transcriptional activity in response to
virus infection (58); however, mutation of S385/386 to the
phosphomimetic Asp, which should mimic the effect of consti-
tutive phosphorylation, also eliminated IRF-3 activity (26).
These results can be interpreted as the S385/386 cluster being
important as a recognition domain, as opposed to a direct
phosphoacceptor target, or alternatively the results may also
indicate that phosphomimetic substitutions do not always yield
a functional protein.

Mutational analyses of the cluster II residues indicated that
five S/T residues within this region (S396, S398, S402, T404,
and S405) are important for virus-inducible IRF-3 activation
(24, 26). Alanine substitution for the five S/T cluster II residues
in IRF-3(5A) dramatically reduced IRF-3 activation in re-
sponse to virus infection (26). Significantly, mutation of the five
cluster II residues to the phosphomimetic Asp generated a
constitutively active IRF-3 that efficiently induced IRF-3-de-
pendent promoters (24, 26) and stimulated cellular apoptosis
in the absence of virus infection (15).

The three-dimensional crystal structure of the IRF-3 carbox-
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yl-terminal domain has recently been reported (37, 52). Qin et
al. interpreted the structure in light of a unique autoinhibitory
mechanism in which amino- and carboxy-terminal �-helical
structures flanking a �-sandwich IAD core interact to form a
condensed hydrophobic structure (26, 37). The interaction bur-
ies several key residues that are involved in dimerization of the
active protein and therefore are required for nuclear accumu-
lation, DNA binding, and transactivation. Virus-inducible, car-
boxyl-terminal phosphorylation abolishes autoinhibitory inter-
actions by introducing charge repulsions that unmask the
active site and realign the DNA binding domain to form the
transcriptionally active protein (37). Significantly, Qin et al.
maintain that multiple serine/threonine phosphorylation
events within the cluster I and cluster II residues are required
for relief of latent autoinhibition.

Takahasi et al. undertook an X-ray crystallography approach
to study the structure of the IRF-3 carboxy terminus, coupled
with evaluation of the dimerization capacity of IRF-3 (52).
These experiments also assert that phosphorylation of the car-
boxy terminus directly precipitates IRF-3 dimerization and
generates an acidic pocket responsible for p300/CBP associa-
tion. This group maintains that the cluster I residues—partic-
ularly the S386 residue—are the initial target for virus-induc-
ible, as well as IKKε- and TBK1-mediated, IRF-3
phosphorylation during IRF-3 activation, because the cluster I
residues are the most accessible amino acids (52). In contrast,
Qin et al. emphasize a sequential mechanism of IRF-3 car-
boxy-terminal phosphorylation. Although the cluster I residues
are exposed in latent IRF-3, residues within both serine clus-
ters, I and II, are required to serve as kinase recognition and/or
direct phosphoacceptor sites, and sequential phosphorylation
of both clusters is necessary to elicit complete unfolding and
activation of IRF-3 (37). Interestingly, both groups observed
that the carboxyl terminus of IRF-3 exhibits a similarity to the
Mad homology 2 (MH2) domain of the Smad family of tran-
scription factors, with respect to structural integrity and sur-
face electrostatic potential. This similarity suggests a common
molecular mechanism of action among a superfamily of signal-
ing mediators and further implies that IRF and Smad tran-
scription factors may have a common evolutionary origin with
the potential for regulatory cross talk (37, 52).
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