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ARTICLE INFO ABSTRACT

Keywords: Zika virus (ZIKV) is a mosquito-borne positive-sense single-stranded RNA virus in the family of Flaviviridae.
Zika virus Unlike other flaviviruses, ZIKV infection of pregnant women may result in birth defects in their newborns, such
ZIKV as microcephaly or vision problem. ZIKV is known to antagonize the interferon (IFN) production in infected cells.
Interferon However, the exact mechanism of this interference is not fully understood. Here, we demonstrate that NS5
?;1521 protein of ZIKV MR766 strain antagonizes IFN production through inhibiting the activation of TANK-binding
IRF3 kinase 1 (TBK1), which phosphorylates the transcription activator IFN regulatory factor 3 (IRF3).

Mechanistically, NS5 interacts with the ubiquitin-like domain of TBK1 and results in less complex of TBK1 and
TNF (tumor necrosis factor) receptor-associated factor 6 (TRAF6), leading to dampened TBK1 activation and
IRF3 phosphorylation. Our study provides insights into the mechanism of ZIKV evasion of IFN-mediated innate

immunity.

1. Introduction

Zika virus (ZIKV) was first discovered in the Zika forest in Uganda in
1947 (Hayes, 2009). The recent epidemic of ZIKV infection was re-
ported in Brazil in 2015, and by the end of that year, the number of
infected individuals was estimated to be one million in Brazil alone. The
virus is also transmitted to Colombia, Puerto Rico and other 60 coun-
tries (Elliott et al., 2018; Hennessey et al., 2016; Hills et al., 2017). In
the United States, ZIKV infection is also detected in the returning tra-
velers (Hennessey et al., 2016). Based on CDC, there are 5,734 con-
firmed cases in the US states and 37,294 cases in the US territories as of
October 16, 2018 (CDC, 2018). Many people with ZIKV infection are
asymptomatic or have only mild symptoms. However, in pregnant
women, ZIKV infection can cause severe microcephaly and neurological
deficiency in their newborns (Britt, 2018).

ZIKV is a single-stranded, positive-sense RNA virus in the family
Flaviviridae. Phylogenetic studies of ZIKV isolates have demonstrated
that there are two distinct ZIKV lineages: Asian and African (Wang
et al., 2016). Its genome is around 10kb in length and contains a 5
untranslated region (UTR), a single open reading frame, and a 3’ UTR
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(Kuno and Chang, 2007). The open reading frame encodes a single
polyprotein, which is processed into the capsid (C), the precursor
membrane (prM), the envelope protein (E), and seven nonstructural
proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5). Among the
viral proteins, NS1, NS2A, NS2B, NS4A, NS4B, and NS5 of the Asian
strains of ZIKV are reported to inhibit interferon (IFN) production
(Kumar et al., 2016; Ma et al., 2018; Wu et al., 2017; Xia et al., 2018).
As the largest non-structural protein of ZIKV, the NS5 protein consists
of methyltransferase (MT) and RNA-dependent RNA polymerase
(RdRp) domains, and between them is a short linker (Zhao et al., 2017).
The MT is responsible for the 5’cap addition to viral RNA to facilitate
the translation of the polyprotein (Issur et al., 2009). The RdRp is re-
sponsible for viral RNA replication and is supposed to use a de novo
mechanism similar to Dengue virus (Ackermann and Padmanabhan,
2001; Kao et al., 2001; van Dijk et al., 2004).

IFN signaling is a potent host antiviral strategy during early stage
viral infection. Host pattern recognition receptors (PRR) in the cyto-
plasm include retinoic acid-inducible gene I (RIG-I) and melanoma
differentiation-associated gene 5 (MDAS5) (Sato et al., 2015; Yin et al.,
2017), which can recognize the viral double-stranded RNA (dsRNA).
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The PRR activation recruits the mitochondrial antiviral-signaling pro-
tein (MAVS), resulting in polymerization of the latter. The polymerized
MAVS then recruits TANK-binding kinase 1 (TBK1) via TNF (tumor
necrosis factor) receptor-associated factor 2, 3 and 6 (TRAF2, 3 and 6),
which leads to the activation of TBK1, followed by phosphorylation and
nuclear translocation of IRF3 to activate the IFN expression (Fang et al.,
2017).

In ZIKV-infected cells, NS5 antagonizes host innate immune re-
sponse and promotes the virus replication. In the downstream signaling
of IFNs, NS5 is known to target human signal transducer and activator
of transcription factor 2 (STAT2) for degradation to inhibit type I IFN
induced antiviral immunity (Grant et al., 2016). In addition to STAT2
depletion, NS5 can block STAT1 phosphorylation to antagonize the IFN-
activated signaling (Hertzog et al., 2018). NS5 also interacts with NOD-
like-receptor-family, pyrin domain-containing 3 (NLRP3) to facilitate
the formation of NLRP3-ASC-Caspasel complex, thereby promoting the
activation of inflammasome and exacerbating the inflammatory re-
sponse and disease progression (Wang et al., 2018). The NS5 protein of
a ZIKV strain of an Asian lineage inhibits IFN production (Kumar et al.,
2016), possibly through inhibition of IRF3 according to a later study
(Xia et al., 2018). However, whether NS5 of the African lineage ZIKV
can inhibit IFN induction or the exact mechanism of NS5 inhibition of
IFN induction is unknown. In this study, we discovered that ZIKV NS5
of MR766 strain from the African lineage antagonized the production of
type I IFNs through impairing the activation of TBK1. Both MT and
RdRp domains are needed for NS5 to inhibit TBK1-mediated IRF3
phosphorylation. These results provide additional insights into ZIKV
interference with the IFN production.

2. Results
2.1. ZIKV NS5 inhibits polyI:C-induced IFN-f production

To determine if ZIKV MR766 strain inhibits the IFN production, we
infected A549 cells with this strain at an MOI of 1. At 24 h post infection
(hpi), polyI:C was transfected into the cells at 1 ug/ml. Total RNA was
extracted from the cells 8 h later and subjected to RT-qPCR. The result
showed that ZIKV infection reduced the polyl:C-induced IFN-f tran-
script to 28% in comparison with the mock-infected cells (Fig. 1A).
Western blotting (WB) detection of ZIKV NS5 protein confirmed the
virus proliferation in the cells. To determine if ZIKV NS5 protein con-
tributes to this inhibitory effect, we transfected HEK293T cells with
FLAG-NS5 plasmid and then stimulated the cells with polyI:C. The re-
sult showed that the cells with NS5 expression had IFN-f transcript at
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Fig. 2. ZIKV NS5 inhibits IRF3 phosphorylation. A. NS5 inhibits polyl:C-in-
duced phosphorylation of IRF3 in 293-IRF3 cells. The 293-IRF3 cells were
transfected with GFP and NS5 plasmids and, 24 h later, transfected with polyI:C
(PIC). Western blotting of phosphor-IRF3 (pIRF3) and total IRF3 was con-
ducted. Relative levels of pIRF3 after PIC stimulation are shown below the
images. B. NS5 inhibits Sendai virus-induced IRF3 phosphorylation in 293-IRF3
cells. The 293-IRF3 cells were transfected with GFP and NS5 plasmids. At 24 h
post transfection, the cells were infected with Sendai virus. The cells were
harvested for Western blotting 15 hpi.

22% of the cells transfected with empty vector (Fig. 1B).

2.2. ZIKV NS5 inhibits the phosphorylation of IRF3

To determine the mechanism of NS5 inhibition of IFN induction, we
established HEK293 cells stably expressing IRF3 (293-IRF3). We
transfected 293-IRF3 cells with NS5-expressing plasmid and tested its
effect on IRF3 activation as IRF3 is a critical transcription activator in
IFN induction (Collins et al., 2004). The cells were transfected with
polyI:C the next day and harvested for WB. The result showed that NS5
reduced the level of phosphorylated IRF3 (pIRF3) by 70% in compar-
ison with the empty vector control, whereas the total IRF3 protein level
had minimal change (Fig. 2A). As polyI:C is a synthetic analog of dSRNA
and may not mimic natural virus infection, we verified the observation
of an NS5-induced reduction of pIRF3 with Sendai virus infection. After
NS5 transfection for 24 h, 293-IRF3 cells were infected with Sendai
virus at an MOI of 1. The infected cells were harvested for Western blot
analysis at 15h post infection (hpi). The result showed that NS5 atte-
nuated Sendai virus-induced pIRF3 by 80% compared to the GFP con-
trol (Fig. 2B). These results indicate that NS5 blocks IRF3 activation.

2.3. NS5 inhibits TBK1-induced activation of IRF3 and both MT and RdRp
domains are needed

The IFN induction pathway can be activated by the overexpression
of individual upstream components (Nan et al., 2014), such as TBK1
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Fig. 3. NS5 inhibits TBK1-induced IRF3 activation. A. TBK1 induces IRF3 ac-
tivation in 293-IRF3 cells. The 293-IRF3 cells were harvested 48 h after trans-
fection for WB. B. MAVS activates IRF3. C. NS5 inhibits TBK1-induced IRF3
activation in 293-IRF3 cells. Relative levels of pIRF3 after normalization with
IRF3 are shown below the images. D. NS5 inhibits MAVS-induced IRF3 acti-
vation in 293-IRF3 cells.

and MAVS (Fig. 3A&B). To identify the step that NS5 targets to inhibit
the IFN signaling, we transfected 293-IRF3 cells with the plasmids of
NS5 and MAVS, or NS5 and TBK1. ZIKV NS1 and NS3 were included in
the co-transfection as controls as NS1 was reported to inhibit IFN in-
duction (Wu et al., 2017). The results showed that NS5 reduced the
pIRF3 level in both co-transfections with TBK1 and MAVS (Figs. 3C&D).
Both NS1 and NS3 reduced TBK1-induced pIRF3, whereas NS1 also
reduced MAVS-induced pIRF3 (Figs. 3C&D). Because we focused on the
NS5 effect on IFN induction, we did not pursue further work for NS1
and NS3. Since TBK1 phosphorylates IRF3 upon activation, we specu-
lated that NS5 could target TBK1 or its downstream steps for impair-
ment of IFN induction.

NS5 consists of MT and RdRp domains (Zhao et al., 2017). To
identify whether any one of the two domains of NS5 plays a role in the
inhibition of pIRF3, we cloned the NS5 sequences for MT and RdRp for
transient expression (Fig. 4A). The 293-IRF3 cells were transfected with
the plasmids of MT and TBK1, or RdRp and TBK1. The Western blotting
result showed that only the full-length NS5 could attenuate the pIRF3,
whereas the MT or RdRp domain alone had minimal effect on the pIRF3
level (Fig. 4B). Also, the level of phosphorylated TBK1 (pTBK1) also
decreased in the presence of full-length NS5 but not MT or RdRp
(Fig. 4B). These results indicate that full-length NS5 impairs the acti-
vation of TBK1 and both MT and RdRp domains are needed for this
inhibitory effect.

2.4. ZIKV NS5 interacts with TBK1

To further explore the mechanism that NS5 inhibits IFN signaling
and test if NS5 interacts with TBK1, co-immunoprecipitation (co-IP)
was performed. Co-IP of NS5 precipitated TBK1 but not GFP (Fig. 5A).
Similarly, co-IP of TBK1 precipitated NS5 but not GFP (Fig. 5B). Im-
munoblotting of whole cell lysate confirmed the expression of the in-
dividual proteins. The result indicates that NS5 possibly inhibits IFN
induction through interaction with TBK1.

2.5. The NS5 interaction with TBK1 leads to lower TBK1 in complex with
TRAF6

In the resting state, TBK1 pre-associates with TRAF2, 3 and 6 in the
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Fig. 4. Both methyltransferase (MT) and RNA-dependent RNA polymerase
(RdRp) domains of NS5 are needed for the inhibition of IRF3 activation. A.
Schematic illustration of MT and RdRp domain positions in NS5. The numbers
above the line denote amino acid positions in NS5 protein. B. WB detection of
the effect of MT and RdRp on IRF3 activation. The 293-IRF3 cells were co-
transfected with HA-TBK1 and one of the following plasmids: GFP, FLAG-NS5,
FLAG-MT, and FLAG-RdRp. WB with antibodies against pIRF3, IRF3, pTBK1,
TBK1, FLAG and GAPDH was done. Relative levels of pIRF3 after normalization
with IRF3 are shown below the images.

A B
GFP TBK1 GFP NS5
- HA-TBKI == FLAG-NS5
FLAGP| o - FLAGNSs HATP| o e
— s HA-TBK1
HATTBKI el - FLAG-NS5
WCL| |esmmee FLAG-NS5 === GFP
— GFP e Tubulin

s Tubulin

Fig. 5. NS5 interacts with TBK1 detected by co-immunoprecipitation (co-IP). A.
FLAG IP of NS5 co-precipitates TBK1 but not GFP. HEK293T cells were trans-
fected with HA-TBK1 and FLAG-NS5 plasmids. GFP plasmid was included as a
control. WB of whole cell lysate (WCL) was also done. B. HA IP of TBK1 co-
precipitates NS5 but not GFP.

cells (Fang et al., 2017). Upon the activation of the RLR pathway,
polymerized MAVS recruits TRAFs and subsequently activates TBK1. To
determine the reason for the attenuated activation of TBK1 by NS5, we
transfected HEK293T cells with the plasmids of TBK1, TRAF6, and NS5
for co-IP. Result showed that co-IP of TBK1 precipitated less TRAF6 in
the presence of NS5 than the GFP control (Fig. 6A). Also, co-IP of
TRAF6 precipitated less TBK1 in the presence of NS5 than the GFP
control (Fig. 6B), which demonstrates that the NS5 interaction with
TBK1 leads to less TBK1 in complex with TRAF6.

To exclude the possibility that NS5 binds to TRAF6 to disrupt the
interaction between TRAF6 and TBK1, we conducted co-IP from lysate
of cells transfected with NS5 and TRAF6 without TBK1. The result
showed that the IP of TRAF6 did not yield detectable level NS5
(Fig. 6C), which suggests that there is possibly no direct interaction
between TRAF6 and NS5 (Fig. 6C). Overall, these results indicate that
NS5 binds to TBK1 and may consequently interferes with its down-
stream signaling of IFN induction.

2.6. The ULD domain of TBK1 is required for interaction with NS5

To map the domain of TBK1 in its interaction with NS5, we con-
structed truncated TBK1 clones (Fig. 7A). There are four domains in
TBK1, namely kinase domain (KD), ubiquitin-like domain (ULD),
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scaffold dimerization domain (SDD) and c-terminal domain (CD)
(Larabi et al., 2013; Xiang et al., 2016). Truncation clone TBK1-D1
contained only KD; TBK1-D2 consisted of KD and ULD; and TBK1-D3
was composed of KD, ULD, and SDD.

HEK293T cells were transfected with NS5 and TBK1 or the trun-
cated TBK1 clones. Co-IP of NS5 was done, followed by Western blot-
ting to determine the presence of full length or the truncated TBK1 in
the precipitates. The result showed that co-IP of NS5 precipitated TBK1,
TBK1-D2, and TBK1-D3, but not TBK1-D1 (Fig. 7B), which suggests that
the ULD of TBK1 is required for the interaction of TBK1 with NS5.

To locate the possible interaction sites between TBK1 and ZIKV NS5,
we used structural data of TBK1 and NS5 to perform computational
docking and predict a TBK1-NS5 complex structure (Fig. 7C). Initial
models of the TBK1 homodimer and NS5 monomer closely matched
existing crystal structures of both proteins (Larabi et al., 2013; Zhao
et al., 2017). The modeled complex suggests that NS5 may bind to TBK1
with its “groove” formed in the linker section between MT and RdRp
domains (Fig. 7D). Detailed inspection of the modeled complex found
some residue pairs across the interface that may contribute to complex
formation, such as S347 in the ULD (Fig. 7E). To validate the im-
portance of this residue in the TBK1 interaction with NS5, we con-
ducted mutagenesis of TBK1-D2 and generated FLAG-TBK1-D2m
(S347A). Co-transfection and co-IP were done to determine if the S347A
mutation in TBK1 ULD compromised the TBK1 interaction with NS5.
The result showed that both the wild-type and mutant TBK1-D2 co-
precipitated ZIKV NS5 to a similar extent (Fig. 7F), which indicates that
the S347A mutation does not detectably disrupt the complex formation.

3. Discussion

Our study elucidates the mechanism of ZIKV NS5 protein in the
inhibition of IFN induction. NS5 interacts with TBK1 to inhibit the IRF3
phosphorylation and the consequent IFN expression. Both the MT and
RdRp domains are needed in the inhibition of IRF3 activation. The ULD
of TBK1 is required for the TBK1 interaction with NS5. This further
provides insight into the roles of NS5 in antagonizing the innate im-
munity. ZIKV NS5 is a vital viral protein that is responsible for viral
RNA replication and antagonizing of cellular innate immune response.

TBK1 is an important host regulator in several cellular processes or
signaling pathways, such as autophagy, cell mitosis, apoptosis and
immune response (Cruz and Brekken, 2018; Delhase et al., 2012). Some
cancers and virus infections are associated with the abnormal TBK1
activity (Cruz and Brekken, 2018). During their invasion of the host,
some viruses are known to interfere with the physiological function of
TBK1. For instance, hepatitis E virus inhibits TBK1 activation via its
non-structural protein PCP (Nan et al., 2014). ZIKV and HCMV both
induce mitochondrial re-localization of pTBK1 and mitosis in ZIKV-in-
fected NES (neuroepithelial stem) cells, and the inhibition of TBK1
activity can increase the apoptosis of ZIKV-infected NCX (neocortical)-
NES cells (Onorati et al., 2016).

There are two lineages of ZIKV strains, the Asian and African
lineages (CDC, 2018). The comparison between strains from the two
lineages showed that the African MR766 strain causes more severe
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brain damage and postnatal fatality than the Asian MEX1-44 strain
(Shao et al., 2017). In the process of innate immunity evasion, the non-
structural proteins of ZIKV are notorious for their inhibition of IFN
induction and its downstream singling. Among the non-structural pro-
teins, NS2B3 of MR766 strain is demonstrated to dampen the IFN
pathway by cleaving human STING while the NS2B3 of the Asian strain
(Z1106033) is demonstrated to inhibit IFN-activated signaling by de-
grading JAK1 (Ding et al., 2018; Wu et al., 2017). A recent study
showed that NS2A, NS2B, and NS4B of the Asian FSS13025 strain are
all able to block the IFN production via inhibition of TBK1 activity,
while NS5 targets downstream of IRF3 through binding with IRF3 (Xia
et al., 2018). Moreover, one single amino acid mutation (A188V) of the
NS1 protein of FSS13025 renders the protein to gain the ability to in-
hibit IFN induction (Xia et al., 2018). NS4A of an Asian strain is also
reported to impair IFN signaling by binding to MAVS and block the
interaction between MAVS and RIG-I (Ma et al., 2018). In our study, we
could not detect the interaction between MR766 NS5 protein and IRF3
upon IFN induction by exogenous RIG-I (data not shown). Sequence
alignment of the NS5 proteins from MR766 and the two strains of Asian
lineage, FSS13025, and PRABC-59, showed that there are dozens of
amino acid variations, which may lead to different amino acids ar-
rangement and protein binding preference of the NS5 proteins.

It is notable that neither MT nor RdRp domain alone of MR766 NS5
exerts inhibition of IFN induction, suggesting that the overall con-
formational structure of NS5 is essential for its interaction with TBK1.
The analysis of the overall structure of TBK1 dimer in complex with
NS5 indicates that the “groove” formed by MT and RdRp domains in-
teracts with the ULD domain of TBK1. The presence of NS5 leads to
lower TBK1 in complex with TRAF6 than GFP control, which is de-
monstrated by co-IP. Further co-IP showed that NS5 has no detectable
direct interaction with TRAF6, suggesting that NS5 interaction with
TBK1 might make it less available in complex with TRAF6. The ULD of
TBK1 is required for TBK1 interaction with NS5. The ULD spanning
from amino acid (aa) residues 300-382 of TBK1 is located between KD
and SDD domains (Fig. 7A). One of the functions of ULD is to mediate
protein-protein interaction in signal transduction (Welchman et al.,
2005), while the TBK1 homodimer is not mediated by ULD alone (Li
et al., 2012). ULD binds to KD and SDD and the interaction among the
domains helps to stabilize the TBK1 dimer (Tu et al., 2013). The dele-
tion of ULD leads to the loss of kinase activity of TBK1; and mutations of
L352A/1353A in ULD blocks TBK1-induced IFN-f production (May
et al., 2004). The mutations of E355A, R357A, and E355A/R357A in
the dimeric interface also impaired the TBK1 phosphorylation (Li et al.,
2012), suggesting that ULD is indispensable for the TBK1 function.
TRAF proteins are known to interact with TBK1 through SDD (Fang
et al., 2017). Since ULD is adjacent to SDD, the interaction of ZIKV NS5
to ULD could block the binding site of TRAF6 on SDD, which might
affect the access of TRAF6 to TBK1.

Our model of TBK1 and NS5 interaction suggests that S347 residue
in the ULD might contribute to the complex formation. However, S347A
mutation does not affect TBK1 interaction with NS5. This could be the
result of local inaccuracies in the model and further refinement is
needed. There might be compensatory interface effects from alanine
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Fig. 7. The ULD domain of TBK1 is required for interaction with NS5. A. Schematic illustration of TBK1 domain positions. KD: kinase domain; ULD: ubiquitin-like
domain; SDD: scaffold dimerization domain; CD: C-terminal domain. The numbers denote amino acid positions in TBK1 protein. B. Myc IP of NS5 co-precipitates
TBK1, TBK1-D2, and TBK1-D3 but not TBK1-D1. WB of whole cell lysate (WCL) was also done. C. Overall structure of the TBK1 dimer in complex with NS5. The first
unit of TBK1 is colored as blue, the second unit of TBK1 is colored as green, and the NS5 is colored as magenta. The domains of TBK1 in the dimer are labeled as KD,
ULD, SDD and CTD. D. Top view of TBK1 in complex with NS5. The colors are indicated as panel C. The MT and RdRp domains are noted. E. Predicted interface of
TBK1 and NS5 is shown, with possible key residues involved in hydrogen bonding and hydrophobic contacts found in SDD and ULD highlighted as sticks. Two
residues in TBK1, S347 and E617, were predicted to be involved in hydrogen bonds with NS5, with the specific interactions indicated by black dotted lines between
residues. Three other residues were predicted to be involved in hydrophobic interactions with NS5. F. The S347A mutation in TBK1 does not affect TBK1 interaction
with NS5 detected by co-IP. HEK293T cells were co-transfected with the FLAG-TBK1-D2m and Myc-NS5. Wild-type TBK1-D2 was included as a control.

substitution that mitigate the effect of the putative hydrogen bond loss, 4.3. Transfection

such as bound interface water molecules or local side chain re-

arrangements. Future mutagenesis of other predicted interface residues Transfection of HEK293T and 293-IRF3 cells with plasmid DNA was

may lead to the identification of the key residues in the binding. performed by using FuGene HD transfection reagent (Promega,
Collectively, our study demonstrates that the NS5 protein of ZIKV Madison, WI) according to the instructions of the manufacturer. Poly

MR766 strain inhibits the IFN induction by interacting with TBK1, I:C (low molecular weight), a synthetic analog of dsRNA (Invivogen,

leading to the reduction of TBK1 activation and consequently lower IFN San Diego, CA), was used to induce interferon production at the final

expression. The ULD of TBK1 is required for the interaction of TBK1 concentration of 1 ug/ml.
with NS5, while both MT and RdRp domains of NS5 are needed for the
binding. This finding provides further insights into the ZIKV inter- 4.4. Western blot analysis
ference with the host innate immunity.
Cells were lysed in Laemmli sample buffer, followed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and

4. Materials and methods Western blotting as previously described (Yang et al., 2018). Antibodies
against green fluorescence protein (GFP) (Santa Cruz Biotechnology,
4.1. Cells and viruses Inc., Dallas, TX), IRF3 (Santa Cruz), phospho-IRF3 (Ser396) (Cell Sig-

naling Technology, Danvers, MA), HA (Thermo Fisher Scientific, Wal-

A549 (ATCC® CCL-185™), HEK293, and HEK293T were maintained tham, MA), Myc (Thermo Fisher), FLAG (Sigma-Aldrich, St. Louis, MO),

in DMEM medium supplemented with 10% fetal bovine serum (FBS). GAPDH (Santa Cruz), TBK1 (Santa Cruz), phospho-TBK1 (Ser172) (Cell
HEK293 cell stably expressing IRF3 (293-IRF3 cells) was established Signaling), p-tubulin (Sigma-Aldrich), ZIKV NS1, NS3, and NS5 (Gen-
previously (Nan et al., 2014). The ZIKV MR766 strain (ATCC VR-84) eTex, Inc., Irvine, CA) were used in the blotting. The chemilumines-

and Sendai virus (ATCC VR-907) were obtained from the ATCC. cence signal was collected with the Quantity One Program, version 4.6
and a ChemiDoc XRS imaging system (Bio-Rad Laboratories, Hercules,
CA).

4.2. Plasmids

4.5. Reverse transcription and real-time quantitative PCR (RT-qPCR)
ZIKV NS5, MT and RdRp domains were amplified with PCR from

ZIKV MR766 strain (GenBank Accession Number: AY632535.2) and Total RNA was isolated from A549 or HEK293T cells with TRIzol
then cloned into the vector pCAGEN (Addgene plasmid number 11160)
with FLAG, hemagglutinin (HA) or Myc tag at the N terminus. Human
TBK1 was amplified and then cloned to pCAGEN with an HA or FLAG
tag at the N terminus. TBK1 truncations were constructed into pCAGEN-
HA or FLAG vector. TBK1 S347Amutation was constructed into
PCAGEN-FLAG vector. All primers used for plasmid construction are
listed in Table 1. All in-house-constructed plasmids were subjected to
DNA sequencing. The construction of Myc-RIG-I (N-terminal domain)
and Myc-MAVS (Nan et al., 2014) were described previously.

reagent (Thermo Fisher). Reverse transcription was done with avian
myeloblastosis virus (AMV) reverse transcriptase, oligo (dT) and a
random 15-mer oligo. Real-time PCR of IFN-B and RPL32 (ribosomal
protein L32, as an internal control) transcripts was performed with
SYBR green Supermix (Thermo Fisher) as described (Nan et al., 2012).

4.6. Co-Immunoprecipitation (Co-IP)

IP was conducted as previously described with modifications (Nan
et al., 2014). Briefly, HEK293T cells were lysed with lysis buffer

Table 1

List of primers used in this study.
Primer® Sequences (5’ to 3')" Target gene
MT-F TGAATTC GGAGGTGGGACGGGAGAG NS5 MT
MT-R TCTCGAGTCACTTTGCCCCAGAGACCCAGTA
RdRp-F CGAATTC AGCAACATCATAAAAAGTGTG NS5 RdRp
RdRp-R TCTCGAGTTACAACACTCCGGGTGTGGAC
TBK1-F AACGTCTCGAATTCCAGAGCACTTCTAATCATCTG TBK1
TBK1-R CCTCGAGCTAAAGACAGTCAACGTTGCGAAG
TBK1-D1-R CGCTCGAGTTAAAAAAACTGGTCAAAACCCCAAC TBK1-D1
TBK1-D2-R ACTCGAGTTATACTACAAATATAGGGTTTTC TBK1-D2
TBK1-D3-R GCTCGAGTTAATGTTTGATTCCACTGGAAGCTG TBK1-D3
TBK1 mULD-F1 CCAAAATTATTTCTGCAAATCAAGAACTTATCTACGAAGG TBK1-D2m
TBK1 mULD-R1 TAAGTTCTTGATTTGCAGAAATAATTTTGGTTTGTTTATA TBK1-D2m

@ F: forward primer, R: reverse primer. The NS5 primers are based on sequences of ZIKV MR766 (GenBank accession number
AY632535).
b The italicized letters indicate restriction enzyme cleavage sites for cloning.
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(50 mM Tris, pH7.4, 150 mM NaCl, 0.2 mM EDTA, 2mM EGTA, 0.5%
IGEPAL CA-630, 10% glycerol, 1 mM sodium vanadate). The lysate was
subjected to centrifugation at 14,000 X g for 5min at 4 °C. Antibodies
against HA, Myc or FLAG were added to the supernatant. IP with pro-
tein A/G agarose (KPL Inc., Gaithersburg, MD) was done according to
the manufacturer's instructions. The IP samples were subjected to im-
munoblot analysis with antibodies against the individual proteins in-
dicated in results.

4.7. Statistical analysis

The difference in the IFN-f mRNA level between the group in the
presence of ZIKV replication and the mock-infected control sample was
assessed by the Student t-test. A two-tailed P value of less than 0.05 was
considered significant.

4.8. Predictive docking and modeling

Individual models of the TBK1 homodimer and NS5 were generated
by SWISS-MODEL (Waterhouse et al., 2018) from the full-length FASTA
sequences of both proteins. The models were docked using ZDOCK
(Pierce et al., 2014) with all residues in TBK1 except for those in ULD
blocked from forming part of the complex interface. A top prediction
from the ZDOCK output was then refined in protein modeling software
Rosetta, version 3 (weekly release 2018.12), using a high-resolution
docking protocol (Gray et al., 2003) to generate 1200 locally refined
models, followed by rescoring in ZRANK (Pierce and Weng, 2008) to
select a refined model. Assessment of hydrogen bonds in the predicted
interface was performed using HBPLUS software (McDonald and
Thornton, 1994). Visualization of models was performed using PyMOL
software (pymol.org).
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