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Abstract

Zika virus (ZIKV) nonstructural protein 5 (NS5) plays a critical role in viral RNA replication and
mediates key virus-host cell interactions. As with other flavivirus NS5 proteins, ZIKV NS5 is
primarily found in the nucleus. We previously reported that the NS5 protein of dengue virus,
another flavivirus, localized to centrosomes during cell division. Here we show that ZIKV NS5
also relocalizes from the nucleus to centrosomes during mitosis. In infected cells with
supernumerary centrosomes, NS5 was present at all centrosomes. Transient expression of NS5 in
uninfected cells confirmed that centrosomal localization was independent of other viral proteins.
Live-cell imaging demonstrated that NS5-GFP accumulated at centrosomes shortly after break
down of nuclear membrane and remained there through mitosis. Cells expressing NS5-GFP took
longer to complete mitosis than control cells. Finally, an analysis of ZIKV NS5 binding partners
revealed several centrosomal proteins, providing potential direct links between NS5 and
centrosomes.
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1. Introduction

ZIKV was first isolated in 1947 from a sentinel rhesus macaque found in the Zika forest of
Uganda (Dick et al., 1952). ZIKV is a mosquito-borne, positive-sense, single-stranded RNA
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virus belonging to the family Flaviviridae, which includes dengue virus (DENV), West Nile
virus and Japanese encephalitis virus. Clinical manifestations of ZIKV infection are usually
mild and include fever, rashes, arthralgia, myalgia and conjunctivitis (Petersen et al., 2016).
In 2007, the first major ZIKV outbreak was reported in the Yap islands, but no significant
pathologies were detected (Baud et al., 2017; Duffy et al., 2009). However, during
subsequent outbreaks in French Polynesia and Brazil, ZIKV became a global health concern
when an increased incidence of microcephaly was reported in children born to mothers who
were infected during pregnancy (Baud et al., 2017).

The ZIKV genome encodes ten proteins that are translated as a single polyprotein.
Processing by viral and cellular proteases releases the structural proteins C, prM and E, and
the nonstructural (NS) proteins 1, 2A, 2B, 3, 4A, 4B and 5. NS5 is the largest and most
highly conserved of these. All flavivirus NS5 proteins contain a methyltransferase domain at
the N-terminus and an RNA-dependent RNA polymerase (RdRp) at the C-terminus. The
structures of flavivirus methyltransferase and RdRp domains are very similar, with some
differences in the relative orientation of the two domains (Coloma et al., 2016; Coutard et
al., 2017; Duan et al., 2017; Godoy et al., 2017; Stephen et al., 2016; Upadhyay et al., 2017;
Wang et al., 2017; Zhang et al., 2017; Zhao et al., 2017; Zhou et al., 2017). ZIKV NS5 can
also form higher order oligomers that appear as extended fibrils in vitro or spherical
structures in infected cells (Ng et al., 2019; Zhao et al., 2017). In addition to its direct role in
viral RNA synthesis and capping, NS5 mediates important virus-host cell interactions. ZIKV
NS5 interferes with both the expression of interferon and with the downstream interferon
signaling pathway (Grant et al., 2016; Lin et al., 2019; Xia et al., 2018); stimulates an
inflammatory response by binding to and activating the NLRP3 inflammasome (He et al.,
2018; Wang et al., 2018); and interacts with multiple cellular splicing factors, leading to
reduction in pre-mRNA processing (Coyaud et al., 2018; De Maio et al., 2016). Despite the
fact that flavivirus RNA replication occurs in the cytoplasm, many NS5 proteins, including
ZIKV NS5, are found primarily in the nucleus due to nuclear localization signals in the
linker between the methyltransferase and RdRp domains or at the C-terminus (Grant et al.,
2016; Ng et al., 2019; Pryor et al., 2007; Tay et al., 2016).

In a previous study, we reported that DENV NS5 interacted with centrosomal proteins
(Khadka et al., 2011). Although DENV NS5 from serotypes 2-4 is predominantly in the
nucleus (Tay et al., 2016), DENV2 NS5 localized at centrosomes in mitotic cells (Khadka et
al., 2011). Centrosomes are the primary microtubule organizing centers (MTOC) of
vertebrate cells, consisting of pair of centrioles embedded in pericentriolar material (PCM),
a dynamic matrix of proteins (Andersen et al., 2003; Conduit et al., 2015). Centrosomes
increase the efficiency of bipolar spindle assembly and contribute to error-free segregation of
chromosomes (Arquint et al., 2014; Conduit et al., 2015; Sir et al., 2013). Recently,
supernumerary and structurally defective centrosomes were observed in ZIKV-infected cells
(Gabriel et al., 2017; Souza et al., 2016; Wolf et al., 2017).

Since NS5 is one of the most highly conserved flavivirus proteins, we predicted that ZIKV
NS5 also relocalizes to centrosomes during mitosis. We report here that this is indeed the
case. In the absence of other ZIKV proteins, NS5 localized at the centrosomes in transiently
transfected cells and stable cell lines. We also demonstrated that NS5 remained at
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centrosomes throughout mitosis and that stable cells expressing NS5-GFP took longer to
complete mitosis than control cells. Finally, we identified centrosomal and spindle pole
proteins that interact with ZIKV NS5, providing a potential link between NS5 and
centrosomes.

2. Materials and methods

2.1

Plasmids

Plasmids pcDNA5/FRT/TO-NS5, pcDNAS/FRT/TO-NS5-GFP, pcDNAS5/FRT/TO-nls-GFP,
pZKVRLuc, pZKVRLuc (ADD) and pCAG-FLpO (a gift from Massimo Scanziani;
Addgene plasmid # 60662; http://n2t.net/addgene:60662; RRID:Addgene_60662; (Matsuda
and Cepko, 2007)) were used in this study. pcDNA5/FRT/TO-NS5 was cloned by
amplifying ZIKV (strain FSS13025) NS5 from pFLZIKYV (Shan et al., 2016) and inserting
the resulting PCR product into the pcDNAS/FRT/TO vector backbone at the Mol and Xhol
sites of pPCDNA5-FRT-TO-SBP-TNRC6A (a gift from Kumiko Ui-Tei, Addgene plasmid #
42044; http://n2t.net/addgene:42044; RRID:Addgene_42044; (Nishi et al., 2013)). Similarly,
pcDNAS/FRT/TO-NS5-GFP was constructed by sequentially inserting GFP and NS5 into
the pcDNAS/FRT/TO vector backbone. To construct pcDNAS/FRT/TO-nls-GFP, an NLS
was added to the 5’ end of GFP through two successive rounds of PCR with forward primers
(ATGCCCAAGAAAAAGCGGAAAGTGGGCAGCGGCGTGAGCAAGGGCGAGGARG)
and (AGCGTTTCCACCGCGGTGGCGGCCGCCACCATGCCCAAGAAAAAGCGGAA),
and reverse primer
(TTCCGCCGCTACCTCCGCCGGATCCGCCTCCCTTGTACAGCTCGTCCATGC, used
in both rounds), followed by insertion into pcDNA5/FRT/TO. The ZIKV replicon plasmid
pZKVRLuc was generated using the infectious pFLZIKV (strain FSS13025) cDNA clone as
the backbone (Shan et al., 2016). A region encompassing RLuc-FMDV2A was amplified by
overlap extension PCR to generate a T7 promoter-5’UTR-Nter21-RLuc-FMDV2A-E23-
ZIKV-NS1 fusion with unique Agel and Sp#l restriction sites at the ends. This fragment was
then inserted in pFLZIKV digested with the same restriction enzymes. A replication
defective replicon pZKVRIuc (ADD) was generated by deleting the conserved GDD motif
(corresponding to residues Gly664, Asp665, and Asp666) within the RARp domain of NS5
by site directed mutagenesis. All constructs were verified by sequencing.

2.2. Antibodies

The following antibodies were used in this study: mouse anti-ZIKV NS5 (BioFront
Technologies, BF-6A), chicken anti-ZIKV NS5 (generously provided by Dr. Sonja Best,
National Institute of Allergy and Infectious Diseases) (Grant et al., 2016), rabbit anti-GFP
(Invitrogen, A-6455), anti-actin (Sigma Aldrich, A1978), rabbit anti-pericentrin (Abcam,
ab4448), Alexa-594 anti-mouse 1gG (Invitrogen, A11032), Alexa-488 anti-chicken 1gG
(Invitrogen, A11039), Alexa-488 anti-rabbit IgG (Invitogen, A11034), Alexa-594 anti-rabbit
1gG (Invitogen, A11012), IRDye800 anti-rabbit IgG (LI-COR, 926-32211), IRDye800 anti-
chicken 1gG (LI-COR, 92532218), and IRDye 680 anti-mouse 1gG (LI-COR, 925-68070).
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Human embryonic kidney-293 (HEK-293), HEK-293T and Huh7 cells were grown in
Dulbecco's modified Eagle's medium (DMEM) (Gibco™) + 10% FBS (Atlanta Biologicals)
at 37° C in 5% COs,. Flp-In™ T-REx™ 293 cells (Invitrogen) were maintained in DMEM +
10% FBS + Zeocin (Gibco™) 100 pg/mL. Stable Flp-In™ T-REx™ 293 cells expressing
transgenes were maintained in DMEM + 10% FBS supplemented with 200 pg/mL
hygromycin (Gibco™). Vero cells were grown at 37° C in DMEM supplemented with 10%
FBS in the presence of 5% CO2.

2.4. Transfections

HEK-293 were washed with phosphate-buffered saline (PBS) and replaced with fresh media.
Circular plasmids were incubated with Lipofectamine2000 (Life Technologies) and DMEM
for 5 minutes at room temperature. The transfection mix was added to the cells and media
were replaced after 4 h.

2.5. ZIKV infection

ZIKV was propagated in \Vero cells at 37° C in DMEM supplemented with 2% FBS in the
presence of 5% CO,. The culture supernatant was clarified by centrifugation and filtered
using 0.25uM filter. Huh7 cells were infected with ZIKV (strain H/PF/2013) at a multiplicity
of infection (MOI) of 0.5.

2.6. Immunofluorescence assays

Cells were fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton X-100.
Following two washes with PBS, cells were blocked in PBS with 1% bovine serum albumin
(BSA). Cells were then incubated with primary antibodies overnight at 4° C, washed twice
with PBS and incubated with secondary antibodies for 2 h at room temperature. After
washing twice, cells were incubated with Hoechst stain.

2.7. Replicon rescue assay

pZKVRLuc and pZKVRLuc (ADD) were linearized using C/al, purified on GFX columns
(GE Healthcare), and incubated with T7 RNA polymerase (New England Biolabs) at 37° C
for 1.5 h for in vitro transcription of RNA. HEK-293T cells were transfected with 5 pg of
pZKVRLuc or pZKVRLuc (ADD) RNA using Lipofectamine 3000 (Thermo Fisher
Scientific). Culture medium was replaced 4-6 h after transfection. At 12 h after transfection,
pcDNAS/FRT/TO-NS5 was transfected into pZKVRLuc (ADD)-transfected HEK-293T cells
using Lipofectamine 3000. Cells were washed once with PBS and lysed using lysis buffer
(Promega) 60 h after transfection. Luciferase activity was measured using a luminescence
microplate reader (LMAXII 384, Molecular Devices) per the manufacturer’s protocol.

2.8. Generation and induction of cell lines stably expressing NS5-GFP or nls-GFP

Tetracycline-inducible Flp-In™ T-REx™ cells stable cells expressing NS5-GFP and nls-
GFP were generated as per the manufacturer’s protocol (Invitrogen). FIp-In™ T-REx™ 293
cells were grown overnight in DMEM + 10% FBS. Cells were cotransfected with pCAG-
FLpO (1 pg) and either circular pcDNAS5/FRT/TO-NS5-GFP or circular pcDNA5/FRT/TO-
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nls-GFP (100 ng) using Lipofectamine 2000 (Thermo Fisher Scientific). On the following
day, cells were transferred to a 10 cm plate. At 48 h after transfection, 200 pg/mL
hygromycin was added. After approximately 2 weeks, surviving cells were pooled and
passaged. Expression of transgenes was induced by adding 2 ug/mL tetracycline (Sigma).

Imaging

Imaging of immunofluorescence assays was performed using a Nikon A1l confocal system
on a Nikon Eclipse Ti microscope. To confirm expression of NS5-GFP and nls-GFP, cells
were visualized using Zeiss Axio Observer 7 microscope. Time-lapse live-cell imaging was
performed using an IncuCyte® S3 Live-Cell Analysis System with a 20X objective. Cells
were placed in the instrument 20 - 24 h after transfection or induction with tetracycline.

2.10. Mitotic time measurement

The time required to complete mitosis was measured by analyzing images acquired at 10-
minute intervals using an IncuCyte® S3 Live-Cell Analysis System. Rounding of cells was
used as the indicator for onset of mitotic phase. The time point just prior to mitotic cell
rounding was taken as the start of mitosis and the time at which rounding was no longer
observed was taken as the end. The cells arrested in mitosis for more than 150 min and or
that underwent mitotic catastrophe were excluded.

2.11. Yeast two-hybrid screen

NS5 cDNA was amplified from genomic ZIKV (strain H/PF/2013) RNA by RT-PCR. PCR
products corresponding to full-length ZIKV NS5, the methyltransferase domain, and the
RdRp domain were cloned into the yeast two-hybrid DNA-binding domain (DBD) plasmid
pOBD?2 via /n vivo homologous recombination in the yeast strain R2HMet (MATa ura3-52
ade2-101 trpl- 901 leu2- 3,112 his3-200 met2A::hisG gal4A gal804) (LaCount et al.,
2005). The propensity of the DBD constructs to self-activate expression of auxotrophic
reporter genes was assessed by growth on yeast two-hybrid selective media. The lowest
concentration of 3-amino-1,2,4-triazole (3-AT) that suppressed growth was used for the
yeast two-hybrid screens. The pOBD2 constructs were screened against cDNA libraries
derived from human liver, macrophages, and interferon-treated macrophages. Yeast
expressing interacting proteins were selected on synthetic deficient medium lacking
tryptophan, leucine, uracil, histidine and adenine (SD-TLUHA) and 1 mM 3-AT. Human
gene inserts from colonies that grew on SD-TLUHA were PCR-amplified, sequenced, and
identified by searching the NCBI RefSeq mRNA database using BLASTN (Altschul et al.,
1990).

To confirm yeast two-hybrid interactions, the human gene inserts were PCR-amplified and
cloned into the activation domain plasmid pOAD102 by in vivo homologous recombination
in the yeast strain BK100 (MATa ura3-52 ade2-101 trp1-901 leu2-3,112 his3-200 gal4A
9al80A GAL2-ADE2 L YS2::GALI1-HIS3 met2::GAL 7-lacZ) (LaCount et al., 2005). The
resulting prey constructs were retested against all ZIKV NS5 bait constructs by assessing
yeast growth on SD-TLUH and 1 mM 3-AT. Interactions were considered positive if at least
two out of three independent assays demonstrated growth greater than negatives control
strains.
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3. Results

3.1. ZIKV NS5 localizes to the centrosomes in infected cells during mitosis

To test the hypothesis that ZIKV NS5 localizes to centrosomes during mitosis,
immunofluorescence assays were performed on ZIKV-infected cells. As previously reported,
NS5 was found in the nucleus in cells during interphase at punctate structures that are most
likely Cajal bodies (Fig. 1A) (Coyaud et al., 2018; Grant et al., 2016). However, in cells
undergoing mitosis, NS5 accumulated at centrosomes based on co-localization with the
centrosomal protein pericentrin (Fig. 1B and C, Supplemental Fig. 1). NS5 localization was
independently assessed with two different anti-ZIKV antibodies and each detected the
presence of NS5 at centrosomes in mitotic cells. Some ZIKV-infected cells had
supernumerary centrosomes and NS5 was detected at each centrosome in these cells as well
(Fig. 1B and C, Supplemental Fig. 1).

3.2. ZIKV NS5 localizes to centrosomes during mitosis independent of other viral
proteins

Flavivirus NS3 was previously shown to interact with centrosomal proteins (Coyaud et al.,
2018; Khadka et al., 2011). Earlier studies also demonstrated that DENV NS5 interacts with
NS3 (Kapoor et al., 1995). Thus, ZIKV NS5 could be recruited to centrosomes via its
association with NS3. To investigate this possibility, HEK-293 cells were transfected with an
NS5 expression plasmid and immunofluorescence assays were performed. Expression of
full-length NS5 was verified by immunoblot (Fig. 2A). Transiently expressed ZIKV NS5
restored luciferase expression from a ZIKV replicon containing a mutation in the RdRp
active site, indicating that the NS5 was functional (Fig. 2B). Consistent with our results from
infected cells, NS5 was primarily found in the nucleus during interphase, but co-localized
with pericentrin at centrosomes in cells undergoing mitosis (Fig. 2C-E). Thus, NS5 can
associate with centrosomes independently of NS3 or any other viral protein.

3.3. ZIKV NS5 association with centrosomes is maintained during mitosis

To further study the association of NS5 with centrosomes during mitosis, cells were
transfected with plasmids expressing NS5-GFP or nls-GFP and visualized with time-lapse
live cell imaging. Expression of NS5-GFP in HEK-293 cells was confirmed by immunoblot
assay and fluorescent microscopy, the latter of which showed punctate nuclear distribution
of NS5-GFP in non-dividing cells (Fig. 3A). Upon break down of the nuclear envelope
during mitosis, nuclear-localized ZIKV NS5-GFP dispersed into the cytoplasm and soon
accumulated at centrosomes of the cells (Fig. 3B). The localization at the centrosomes was
maintained through the mitosis, even after the nuclear envelope was reassembled in
telophase and most NS5-GFP relocated to the nucleus. In control cells expressing nls-GFP,
no such accumulation of GFP was seen at centrosomes (Supplemental Fig. 2).

3.4. Cells stably expressing ZIKV NS5 take longer to complete mitosis

The association of NS5 with centrosomes raised the possibility that centrosome function
might be affected by NS5. Since centrosomes play a key role in the separation of
chromosomes during mitosis, we asked if expression of NS5-GFP affected the kinetics of
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mitosis in tetracycline-inducible stable cell lines expressing NS5-GFP or nls-GFP.
Expression of full-length NS5-GFP and nls-GFP was verified by fluorescent microscopy
(Fig. 4A) and immunoblotting (Fig. 4B). Accumulation of NS5-GFP at centrosomes during
mitosis was confirmed by time-lapse live cell imaging (Fig. 4C, and Supplemental videos 1
and 2). NS5-GFP persisted at this extranuclear location even after most of the NS5-GFP
reentered the nucleus upon reassembly of the nuclear membrane (Supplemental videos 1 and
2). To assess the kinetics of cell division, time-lapse images from 160 cells were analyzed.
Cells expressing NS5-GFP cell took significantly longer to complete mitosis than cells
expressing nls-GFP (unpaired T-test, p < 0.001) (Fig. 4D).

3.5. ZIKV NS5 interacts with centrosomal proteins

To begin to address the mechanism by which NS5 is targeted to centrosomes, we performed
yeast two-hybrid screens to identify cellular proteins that interacted with NS5. Gal4 DNA
binding domain constructs expressing full-length ZIKV NS5, the methyltransferase domain
or the RdRp domain were screened against three human cDNA libraries. Overall, 168 pairs
of interactions were identified, representing 29 human genes. Of these, 20 interactions were
confirmed in the yeast two-hybrid assay after retesting the interactions in freshly
transformed cells (Fig. 5, and Supplemental Table 1). The interacting human proteins
included eight that are stable components of the centrosome or that are recruited to the
centrosome or the spindle pole at some point during the cell cycle (Table 1). Thus, as we
previously reported for DENV NS5, ZIKV NS5 has the potential to make multiple
connections to the centrosome (Khadka et al., 2011).

4. Discussion

Here we report that ZIKV NS5 accumulated at centrosomes during mitosis in infected cells.
In cells with supernumerary centrosomes, ZIKV NS5 was present at all centrosomes.
Although flavivirus NS3 and NS5 bind to each other (Kapoor et al., 1995), and ZIKV NS3
localizes to centrosomes (Cortese et al., 2017; Coyaud et al., 2015), NS5 transiently
expressed in cells in the absence of other viral proteins localized to the centrosome
independently of other viral proteins. Localization of NS5-GFP at the centrosomes occurred
shortly after breakdown of the nuclear membrane and was maintained throughout mitosis.
NS5-GFP was detected at centrosomes even after most of the NS5-GFP relocated to the
nucleus, though the length of time NS5-GFP was detected at centrosomes after the cell
completed mitosis varied. Expression of ZIKV NS5-GFP increased the length of time cells
required to complete mitosis, as has been observed in cells with reduced levels or function of
centrosomal proteins (Fong et al., 2016; Lambrus et al., 2016; Lambrus et al., 2015;
Meitinger et al., 2016; Wong et al., 2015).

Based on our yeast two-hybrid analyses, ZIKV NS5 has the potential to target multiple
centrosomal proteins and proteins involved in centrosomal function (Table 1). Although
other studies have identified cellular proteins that interact with ZIKV proteins (Coyaud et
al., 2018; Kovanich et al., 2019; Shah et al., 2018), this is the first to report interactions with
centrosomal proteins. Such interactions may have been missed because NS5 primarily
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associates with centrosomes during mitosis and such cells are a minority of the total cell
population at any given time.

Of the centrosomal proteins that interacted with NS5, two localize to the minus end of
microtubules (NIN and TRIP11) (Bouckson-Castaing et al., 1996; Infante et al., 1999;
Mogensen et al., 2000; Ou et al., 2002). NIN organizes microtubules at both centrosomal
and non-centrosomal MTOCs, and associates with the subdistal appendages of centrosomes,
which are damaged during ZIKV infection (Gabriel et al., 2017; Mogensen et al., 2000).
TRIP11 connects the minus ends of centrosomal microtubules to the cis-Golgi network
(Infante et al., 1999). Other ZIKV NS5-interactors are dynein adaptors or dynein binding
partners (for example, NIN, BICD2, CTNNB1 and TPR (Hoogenraad et al., 2003; Ligon et
al., 2001; Nakano et al., 2010; Redwine et al., 2017; Splinter et al., 2010)). Dynein-dynactin
complexes are exploited by other viruses to target viral proteins to centrosomes
(Lakadamyali et al., 2003; Liu et al., 2014, Petit et al., 2003). Thus, these interactions may
promote translocation of NS5 to the centrosome following nuclear membrane breakdown.

Interest in potential links between ZIKV and centrosomes has been stimulated by the
correlation of maternal ZIKV infections with an increase in the incidence of congenital
microcephaly (Baud et al., 2017) and by the fact that more than half the genes implicated in
genetically-linked autosomal recessive primary microcephaly (MCPH) encode proteins
involved in centrosome function (Jayaraman et al., 2018). Recent studies have reported extra
centrosomes, either clustered in foci during interphase or at multiple poles during mitosis, in
ZIKV-infected cells (Souza et al., 2016; Wolf et al., 2017). The levels of centrosomal
proteins CEP152, CEP164, CPAP, PCNT, and PLK were reduced following infection and
TBK1 relocalized from centrosomes to the mitochondrion (Gabriel et al., 2017; Li et al.,
2016; McDougall et al., 2019; Onorati et al., 2016). Defects in chromosome separation,
spindle orientation and the spindle plane were also noted (Gabriel et al., 2017; McDougall et
al., 2019; Wolf et al., 2017). Finally, centrosomes from infected cells had structural defects
in the appendages located at the minus end of the microtubule bundle (Gabriel et al., 2017).
At least some of these effects appear to be mediated by interferon rather than the direct
action of ZIKV proteins (McDougall et al., 2019; Onorati et al., 2016).

Although multiple links between ZIKV and centrosomes have been discovered, flaviviruses
not associated with microcephaly also interact with centrosomes. We previously reported
DENV, a virus closely related to ZIKV that is not associated with microcephaly, interacted
with multiple centrosomal proteins; we further showed that DENV NS5 accumulated at
centrosomes in mitotic cells (Khadka et al., 2011). Although both DENV and ZIKV NS5
bind to centrosomal proteins, different centrosomal proteins were implicated (Khadka et al.,
2011). This suggests that interactions between NS5 and centrosomes may be a general
feature of flaviviruses, but the specific interactions may vary. Interactions between DENV
NS3 and centrosomal proteins were also identified, as has been observed with ZIKV NS3
(Coyaud et al., 2018; Khadka et al., 2011). Since DENV infection has not been linked to
increased risks of microcephaly, the importance of the association of flavivirus proteins with
centrosomes is unclear. The interactions of flavivirus proteins with centrosomes may not be
causally related to the development of microcephaly. Alternatively, the effect of viral
proteins on centrosome function may be different for DENV and ZIKV, or may depend on
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the specific cell types infected. ZIKV is able to cross the placental barrier and infect cell
types, such as neural progenitor cells, that are not infected by DENV (Merfeld et al., 2017).

In conclusion, we show that ZIKV NS5 associates with the centrosomes during mitosis. This
association occurs independently of other viral proteins and is maintained through mitosis.
Interactions between nonstructural proteins and centrosomes appears to be a general feature
of flaviviruses. The molecular mechanism of these associations and their effect on
centrosomal function and viral replication will require further investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. NS5 localizes at centrosomes in ZIKV-infected cells during mitosis.
ZIKV-infected Huh7 cells were fixed, stained with mouse anti-ZIKV NS5 (A and B, red),

chicken anti-ZIKV NS5 (C, red), anti-pericentrin antibodies (B and C, green), and Hoechst
(blue), and imaged by confocal microscopy. Panel A shows cells in interphase, whereas
panels B and C show cells undergoing mitosis. A single ZIKV-infected cell is imaged in two
focal planes to highlight the supernumerary centrosomes (B).

ZIKV
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Fig. 2. Transiently expressed NS5 localizes to centrosomes.
A. Immunoblot analysis of ZIKV NS5 expression in transiently transfected cells. Molecular

weight markers are indicated at left. Arrow indicates full-length NS5 (predicted size 103
kDa).

B. Transiently expressed ZIKV NS5 rescues the activity of a replication-deficient ZIKV
replicon. HEK-293T cells were sequentially transfected with a replication-defective ZIKV
replicon bearing a mutation in the RdRp active site and a ZIKV NS5 expression plasmid,
and assayed for luciferase activity. The graph depicts the average relative luminescence units
(RLU) (xSD). The experiment was repeated twice with three technical replicates each.
**Unpaired t-test p < 0.05.

C and D. Transiently expressed ZIKV NS5 localized to the nucleus during interphase (C)
and to centrosomes in dividing cells (D). HEK-293 cells were transfected with a ZIKV NS5
expression plasmid, fixed, permeabilized, and stained with mouse anti-NS5 (red), anti-
pericentrin antibodies (green) and Hoechst (blue).

E. Pixel intensities of NS5 (red), pericentrin (green) and chromosomal DNA (blue) along the
line connecting the centrosomes were plotted using NIS-Elements AR software.
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Fig. 3. Association of NS5-GFP with the centrosomes is maintained through mitosis.
HEK-293 cells were transiently transfected with NS5-GFP and nls-GFP expression

plasmids.

A. NS5-GFP and nls-GFP expression were monitored by fluorescent microscopy (40X
magnification).

B. Immunoblot analysis of NS5-GFP and nls-GFP expression. Blots were probed with anti-
GFP antibodies. Molecular weight markers are shown at right (sizes in kDa). Predicted sizes
of NS5-GFP and nls-GFP are 131 and 28 kDa, respectively.

C. Time-lapse images of an HEK-293 cell transiently expressing NS5-GFP undergoing
mitosis.
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Fig. 4. NS5-GFP expression increases the time required to complete mitosis.
Expression of NS5-GFP and nls-GFP was induced by adding 2ug/mL tetracycline to the

culture media.

A. Fluorescent and bright-field microscopic images of NS5-GFP and nls-GFP cell lines in
the absence and presence of tetracycline.

B. Immunoblot analysis of lysates from NS5-GFP and nls-GFP cell lines in the presence of
tetracycline. The blot was probed with anti-GFP and anti-actin antibodies. Molecular weight
markers are shown at right (sizes in kDa).

C. Time-lapse images of a Flp-In™ T-REx™ 293 cell stably expressing NS5-GFP
undergoing mitosis.
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D. Flp-In™ T-REx™ 293 cells stably expressing ZIKV NS5-GFP or nls-GFP were analyzed
for the time required to complete mitosis. A total of 160 cells from three independent
experiments were analyzed for each cell line and the data were pooled. ** Unpaired t-test, p
< 0.001.
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predicted: Homo sapiens dystonin, transcript variant X34 T
Homo sapiens alcohol dehydrogenase 1A (class 1), alpha i T
piens HECT, UBA and WWE domain containing E3 ubiquitin protein ligase 1 Full length
H piens family with sequence similarity 184 member A, transcript variant 3 MT and Full length
H piens DnaJ heat shock protein family (Hsp40) member A2 MT
D5-D8__ |NM_031407.7 |HUWEL _|H piens HECT, UBA and WWE domain containing E3 ubiquitin protein ligase 1 Fulllength
D9-D12__|NM 0055693 _|LIMK2 __|Homo sapiens LIM domain kinase 2, transcript variant 2a -
E1-E3 _ |NM_0784713 |MYO18A |H: piens myosin XVIIA, transcript variant 1 T
E4 NM_002778.3 __|PSAP piens prosaposin, transcript variant 1 -
ES-E8  |NM_003998.4 |NFKB1 _|Homo sapiens nuclear factor kappa B subunit 1, transcript variant 1 MT, RdRp, and Full length
ES-E12 _|NM_001005242.2 [PKP2 Homo sapiens plakophilin 2, transcript variant 2a RdRp and Full length
NM_001009552.2 [PPP2CB__|Homo sapiens protein phosphatase 2 catalytic subunit beta MT
F40A_|predicted: Homo sapiens pre-mRNA processing factor 40 homolog A, transcript variant X16 MT
PPFIBP1__|Homo sapiens PPFIA binding protein 1, transcript variant 1
EDICTED: Homo sapiens pre-mRNA processing factor 40 homolog A, transcript variant X2

PREDICTED: Homo sapiens itchy E3 ubiquitin protein ligase, transcript variant X4 -
Homo sapiens signal transducer and activator of iption 2, transcript variant 1 RdRp and Full length
predicted: Homo sapiens acidic coiled-coil containing protein 3, transcript variant Xd|
Homo sapiens in 3, transcript variant 10 RdRp
Homo sapiens promoter region, nuclear basket protein i

predicted: Homo sapiens thyroid hormone receptor interactor 11, transcript variant X4 T
H7-HI0 _|NM_007135.2 Homo sapiens zinc finger protein 79, transcript variant 1 -
NIN Homo sapiens ninein, transcript variant 6 MT

Fig. 5. ZIKV NS5-host cell protein interactions.
A. ZIKV NS5 constructs used for yeast two-hybrid screens. ZIKV NS5 gene fragments were

fused to the 3’ end of the Gal4 DNA-binding domain. Numbers indicate amino acids.

B. Human genes identified in the yeast two-hybrid screens were cloned into the yeast two-
hybrid activation domain vector and retested against all three ZIKV NS5 constructs by
assessing yeast growth on SD-TLUH plus 1 mM 3-AT. Interactions were considered positive
if at least two out of three independent assays demonstrated growth greater than negative
control strains.

C. Plate map of constructs tested for interaction with ZIKV NS5.
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ZIKV NS5 interactions with centrosomal proteins and proteins that affect centrosome function.

Gene

Protein

o
Localization

Centrosomal Function

BICD2

BICD cargo adaptor 2

Centrosome, cytoplasm, Golgi
apparatus, nuclear envelope, nuclear
pore complex, plasma membrane

Positioning of centrosome at nuclear envelope and

dynein recruitment prior to mitosis; triggers apical

migration of nucleus necessary for cell division of

neural stem cells (Baffet et al., 2015; Splinter et al.,
2010)

CCDC88C

Daple

Centrosome, cytoplasm, pericentriolar
recycling endosomes (Aznar et al.,
2017)

CTNNB1

Catenin -1/ B-catetnin

Centrosome, spindle pole,
cytoskeleton, cilium basal body,
plasma membrane, nucleus, cell

junction, cytoplasm

Centrosome separation; bipolar spindle pole assembly;
microtubule reorganization at centrosomes (Bahmanyar
etal., 2008; Huang et al., 2007; Kaplan et al., 2004;
Kobayashi et al., 2015).

NIN

Ninein

Centrosome, centriole, spindle pole,
nucleus, plasma membrane

Anchoring of microtubules at the centrosomes;
nucleation by docking gamma tubulin; centrosomal
assembly following mitosis (Delgehyr et al., 2005; Ou et
al., 2002).

TACC3

Transforming acidic
coiled-coil containing
protein 3

Centrosome, spindle fibers, spindle
pole, cytoplasm

spindle pole assembly and stabilization; microtubule
growth at centrosomes (Burgess et al., 2015; Thakur et
al., 2014).

TPR

Nucleoprotein TPR/
Translocated promoter
region protein

Centrosome (Kobayashi et al., 2015);
mitotic spindle, kinetochore, nucleus,
nuclear membrane, nuclear pore
complex, cytoplasm

Spindle pole organization; bipolar spindle pole assembly
(Kobayashi et al., 2015)

TRIP11

Thyroid hormone receptor
interactor 11/ Golgi-
associated microtubule-
binding protein 210
(GMAP-210)

Golgi apparatus, nucleus,
cytoskeleton, negative end of
centrosome nucleated microtubules.

Positioning and linking Golgi to centrosome (Infante et
al., 1999; Rios et al., 2004).

*
Source: Uniprot subcellular location and/ or GO cellular component except (Aznar et al., 2017; Kobayashi et al., 2015).
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