PLOS ONE

L)

Check for
updates

E OPEN ACCESS

Citation: Sornprasert S, Sornjai W, Smith
DR (2025) The interaction of Orthoflavivirus
nonstructural proteins 3 and 5 with human
fatty acid synthase. PLoS ONE 20(3):
€0319207. https://doi.org/10.1371/journal.

pone.0319207
Editor: José Ramos-Castafieda, Instituto

Nacional de Salud Publica: Instituto Nacional
de Salud Publica, MEXICO

Received: November 29, 2024
Accepted: January 28, 2025
Published: March 25, 2025

Copyright: © 2025 Sornprasert et al. This is an
open access article distributed under the terms
of the Creative Commons Attribution License,
which permits unrestricted use, distribution,
and reproduction in any medium, provided the
original author and source are credited.

Data availability statement: All data generated
or analyzed during this study are included in
this published article (and its Supplementary
Information file). NCBI accession numbers for
the sequences of viruses (and cloned frag-
ments) used in this study are DENV 2 (NCBI
Accession number NC_001474), ZIKV (Asian
NCBI accession number KX051562) and JEV
(NCBI accession number L48961).

RESEARCH ARTICLE

The interaction of Orthoflavivirus
nonstructural proteins 3 and 5 with human
fatty acid synthase

Suthatta Sornprasert, Wannapa Sornjai, Duncan R. Smith®*

Institute of Molecular Biosciences, Mahidol University, Salaya, Thailand.

* duncan_r_smith @hotmail.com.

Abstract

Mosquito-transmitted viruses of the genus Orthoflavivirus impose a significant public
health burden in many tropical and sub-tropical countries around the world, yet there is
still no therapeutic drug to treat infection by any of these viruses, and so a deeper under-
standing of the mechanism of viral replication is required to identify potential therapeutic
targets. Studies have shown that lipid metabolism is modulated upon virus infection, and
that fatty acid synthase (FASN) is a key enzyme in fatty acid biosynthesis. In particular

it has been reported that FASN interacts with DENV NS3 and is subsequently located

to the replication complex. To further investigate this, the interaction of FASN with NS3
and NS5 of the Orthoflaviviruses dengue virus (DENV), Zika virus (ZIKV), and Japanese
encephalitis virus (JEV) was investigated by coimmunoprecipitation and indirect immuno-
fluorescent assay. Unexpectedly, FASN interacted with both NS3 and NS5 independently.
The colocalization of NS3 and FASN was found for all investigated viruses, and while
NS5 interacted with FASN, colocalization was not observed. Markedly however, FASN
colocalized with dsRNA, a marker for the replication complex. FASN is an essential
enzyme and plays a role in viral replication complex and cellular membrane remodel-
ling. The interaction of FASN with both NS3 and NS5, as well as some of FASN being
localized to the site of replication for DENV, JEV and ZIKV further highlights FASN as an
important therapeutic target which may have applications to many mosquito-transmitted
Orthoflaviviruses.

Introduction

The genus Orthoflavivirus [1] in the family Flaviviridae contains 50 viral species which are
predominantly transmitted via hematophagous arthropods, and which collectively pose a
significant public health concern worldwide. In tropical and subtropical countries mosquito
transmitted viruses such as dengue virus (DENV), West Nile virus (WNV), Zika virus (ZIKV),
Japanese encephalitis virus (JEV) and yellow fever virus (YFV) exert a significant impact on
public health [2].

The largest impact by these viruses on human health worldwide as measured by num-
ber of infections per year is caused by the four viruses of the species Orthoflavivirus denguei
(DENV 1 to 4), which are endemic in over 100 tropical and subtropical countries around the
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world, and which cause an estimated 390 million human infections yearly [3]. The major-

ity of human infections (80%) are asymptomatic, and in symptomatic cases, symptoms can
range from a mild flu like fever to a severe and life-threatening hemorrhagic syndrome [4]. In
contrast to the primary hemorrhagic manifestations of DENV infection, other viruses in this
genus such as JEV and ZIKV primarily manifest neurological symptoms in severe cases [5].
Although there are highly effective vaccines to protect against JEV, it remains a leading cause
of encephalitis in parts of Asia [6]. The recently emerged ZIKV [7] causes significant neuro-
logical and other damage to developing fetuses when a pregnant woman becomes infected
during the first or second trimester of pregnancy [8].

The Orthoflavivirus genome consists of a single-stranded positive sense RNA of approx-
imately 9.2-11kb, which translates into a single polypeptide that is cleaved by host and viral
proteases into three structural proteins (Capsid (C), pre-Membrane (prM/M) and Envelope
(E), and seven of non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) [9].
Among the non-structural proteins, NS3 and NS5 both possess enzymatic activities that are
essential in generating new genomes through RNA helicase (NS3) and RNA polymerase (NS5)
activities [10]. These two proteins (in addition to other structural and non-structural proteins)
are involved in processes that serve to modulate the cellular machinery to dampen the innate
immune response and promote viral replication [11-14].

NS3 consists of 618 amino acid residues which are separated into two main domains. The
N-terminal domain is the protease domain, while the C-terminal domain contains helicase,

RNA -stimulated nucleoside triphosphatase (NTPase), and RNA-triphosphatase (RTPase) activ-
ities [10]. To be a functional protease, the N-terminal of NS3 requires interaction with 40 amino
acids of the NS2B co-factor [15,16]. NS5 is the largest nonstructural protein of Orthoflaviviruses,
consisting of approximately 900 amino acid residues. NS5 also consists of two domains and the
sequence of NS5 is highly conserved across flaviviral species [17]. The N-terminal domain of
NS5 contains methyl-transferase (M Tase) activity responsible for cap formation, while the C-
terminal domain possesses RNA-dependent RNA polymerase (RdRp) activity which plays a role
in viral RNA replication [18]. During Orthoflavivirus RNA replication, NS3 and NS5 interact

in the replication complex to synthesize the genome and to maintain the positive sense and
negative sense strands of the viral RNA genome. The interaction between NS3 and NS5 occurs
between the C-terminal region of NS3 between amino acid residues 566-585 and the N-terminal
region of NS5 between amino acid residues 320-341. A competitive ELISA study and a biochem-
ical assay identified two specific sites that affected the interaction, namely asparagine-570 of NS3
and the lysine-330 of NS5 [19,20]. In addition to interacting with each other, both NS3 and NS5
have been shown to interact with a large number of host cell proteins [21].

Fatty acid synthase (FASN) is the rate-limiting enzyme in de novo fatty acid synthesis.
FASN is a 270kDa, multifunctional enzyme, which synthesizes palmitic acid (C16) the precur-
sor of the longer lipid chains from acetyl Co-A and malonyl Co-A [22]. FASN plays a role in
DENYV 2 replication in a human cell line as inhibition of FASN via siRNA markedly decreased
DENYV replication [23], while the FASN inhibitor orlistat has been shown to possess antiviral
activity against DENV, ZIKV, JEV, and chikungunya virus [24].

In a previous study, DENV NS3 was shown to interact with FASN and to induce the re-
localization of FASN to the DENV replication complex to support viral replication although
infection did not increase overall FASN expression [25]. A more recent study suggested that
the interaction of FASN with DENV NS3 was dependent upon on the conversion of the GDP-
bound form of Rab18 to the GTP-bound form of Rab18, and that the targeting of FASN to the
replication complex was dependent on functional Rab18 [26]. In another recent interactome
study, we observed the interaction of ZIKV NS5 with FASN, but no interaction was observed
between JEV NS5 and FASN [27].
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Given that NS3 and NS5 interact [19,20], and that interactions have been variously
reported between FASN and NS3 [25,26] or NS5 [27], it is unclear whether these represent
separate interactions, or apparent interactions mediated by the NS3/NS5 interaction. This
study therefore sought to determine for DENV, JEV and ZIKV whether FASN interacted with
NS3 and/or NS5.

Materials and methods
Cell lines and viruses

The human embryonic kidney cell line HEK293T/17 (ATCC CRL-11268), the human lung
adenocarcinoma cell line A549 (ATCC CCL-185) and the Rhesus monkey kidney epithe-
lia cell line LLC-MK2 (ATCC CCL-7) were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM, GIBCO, Invitrogen, Grand Island, NY) supplemented with 10% or 5%
(respectively) fetal bovine serum (FBS, GIBCO, Invitrogen, Grand Island, NY) and 5% CO,
at 37°C. The Aedes albopictus cell line C6/36 (ATCC CR-1660) was maintained in Minimal
Essential Medium (MEM, GIBCO, Invitrogen, Grand Island, NY) supplemented with 10%
FBS at 28°C without CO, supplementation. Viruses were DENV 2 (lab strain, 16681, NCBI
Accession number NC_001474), ZIKV (Asian lineage, Thai strain, ZIKV SV0010/15), and
JEV (Beijing strain, BJ1, NCBI accession number L48961). The viruses were propagated in
C6/36 cells and titer determined by standard plaque assay as described previously [24]. The
identity of the viruses was confirmed by commercial DNA sequencing (Macrogen, Seoul,
Korea) before use.

Recombinant NS3 and NS5 of DENYV 2, ZIKYV, and JEV

To construct recombinant NS3 of DENV, ZIKV, and JEV tagged with the EGFP, viral RNA was
extracted from viral stocks using TRIzol reagent (Thermo Fisher Scientific, Waltham, MA)
according to the manufacturer’s recommendations. RNA was reverse transcribed to cDNA
using RevertAid Reverse Transcription kit (Thermo Fisher Scientific, Waltham, MA) accord-
ing to the manufacturer’s recommendations. Full-length NS3 of DENV 2, ZIKV, and JEV were
amplified using Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific, Waltham,
MA) under the following conditions: 98 °C for 30 sec, 35 cycles of 98 °C for 10sec, 60 °C for
30sec, 72 °C for 1.40 min and final extension at 72 °C for 10 min. The primer sequences are
given in S1 Table. The NS3 fragments of all three viruses were inserted into the EGFP-C2 plas-
mid between the HindIII and Kpnl restriction enzyme sites using T4 DNA Ligase (5 U/ pL).
The recombinant plasmids were confirmed by commercial Sanger DNA sequencing (Macro-
gen, Seoul, Korea). Recombinant NS5 proteins of DENV, ZIKV and JEV tagged with EGFP
were as previously described [27].

To construct recombinant FASN tagged with the EGFP, total RNA was extracted from
HEK293T/17 cells using TRIzol reagent (Thermo Fisher Scientific, Waltham, MA) and
cDNA was prepared as described above. Two fragments of FASN were generated from the
cDNA using specific primers (C2-FASN-HindIII-F/ FASN-Nhel-R and FASN-Nhel-F/
C2-FASN-Kpnl-R) and touch-down PCR, using the following conditions: 98 °C for 30sec, 8
cycles of 98 °C for 10sec, 68 °C to 61 °C for 30 sec (decrease 1°C every cycle), 72 °C for 3 min
(first fragment), 5 min (second fragment), and 27 cycles of 98 °C for 10sec, 60 °C for 30 sec
72 °C for 3 min (first fragment), 5min (second fragment) and final extension at 72 °C for
10 min. The two FASN fragments generated were purified, double digested with HindIII plus
Nhel and Nhel plus Kpnl and cloned into plasmid pEGFP-C2 between the Hind III and Kpn
I restriction sites. The recombinant plasmid was confirmed by commercial DNA sequencing
(Macrogen, Seoul, Korea).
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Transfection and infection

HEK293T/17 cells were seeded at approximately 3 x 10° cells on 10cm dishes (for Co-IP) or at
approximately 4 x 10° cells on coverslips in 6-well plates (for immunofluorescence assay) one
day before transfection to allow cells to reach approximately 40% confluency on the day of the
experiment. A total of 2.5 pg or 15 pg of plasmid was transfected into the HEK293T/17 cells by
the calcium phosphate transfection method. The cells were collected at 48 h post-transfection
(h.p.t.) by scraping and washed with ice-cold phosphate buffered saline (PBS) or by fixing with
4% formaldehyde for IFA. In combination of transfection and infection experiment, the transfec-
tion complex was removed from the cell at 24 h.p.t, after which DENV, ZIKV or JEV as appro-
priate diluted in serum-free culture media with an appropriate viral titer was added to the cells
for 2 hours. After this time the medium was removed and replaced with complete medium and
cells were incubated for a further 24 hours (for DENV and ZIKV) or 12 hours (for JEV) before
collecting the cells.

Co-immunoprecipitation (Co-IP) and western blot analysis

Proteins were extracted from cells by incubating them in Co-IP lysis buffer (10 mM Tris/Cl
pH7.5, 150 mM NaCl, 0.5mM EDTA, 0.5% of Nonidet P40 Substitute (Merck & Co., Rahway,
NJ)) supplemented with 1X PIC (100X Protease inhibitor cocktail, Biobasic Inc, Ontario,
Canada) and 1 mM PMSE. Briefly, 200 ul of lysis buffer was applied to the collected cells and
samples were vortexed on ice for 30 min before centrifuging at 12,000 g for 10 min. The super-
natant was collected, and then 300 pl of diluent buffer (10 mM Tris/Cl pH7.5, 450 mM NaCl,
0.5mM EDTA) supplemented with 1X PIC and 1 mM PMSF was added. After that 20 pl of the
protein was collected for determining the input protein lysate by western blot analysis. GFP-
trap Agarose beads (ChromoTek, Planegg, Germany) were added to the remaining protein
solution and the mixture was rotary mixed at 4°C for 2 hours. The complex of protein-bound
with GFP-trap Agarose beads were washed 10 times with wash buffer (10 mM Tris/Cl pH7.5,
450 mM NacCl, 0.5mM EDTA, 0.05% of Nonidet P40 Substitute, Triton X-100 0.05%) at

4°C to remove unbound proteins. The bound proteins were eluted from the GFP beads by
addition of 2.5x SDS buffer with DTT and incubation at 90°C, for 15 min before collecting the
eluate using a needle.

Proteins were separated by electrophoresis through 10% SDS-PAGE gels and proteins were
transferred onto nitrocellulose membranes (Whatman GmbH, Germany) using a wet blotting
transfer system (Bio-Rad Laboratories, Richmond, CA) for 3 hours. After that, 5% skimmed
milk (w/v) in TBS-T (Tris-buffer saline plus 0.05% Tween20) was used to block the mem-
brane before applying primary antibodies for FASN (dilution 1:1000; sc-32233), GFP (dilution
1:3000; sc-8334), GAPDH (dilution 1:10000; sc-55580), HSP90 (dilution 1:5000; sc-7947),
GRP78 (dilution 1:3000; sc-166490) and DENV-ENV (dilution 1:10,000; MA1-27093)
ZIKV-ENV (dilution 1:5000; GTX133314). For reverse Co-IP the primary antibodies were
for DENV-NS3 (dilution 1:5000; GTX124252), DENV-NS5 (dilution 1:3000; MA517295),
ZIKV-NS3 (dilution 1:5000; GTX133309), ZIKV-NS5 (dilution 1:5000; GTX133312),
JEV-NS3 (dilution 1:10000; GTX125868), JEV-NS5 (dilution 1:5000; GTX131359) and actin-
HRP (dilution 1:50,000; sc-9996). After incubation with primary antibodies overnight at 4°C
the membranes were washed three times with TBS-T before incubation with an appropri-
ate secondary antibody at room temperature for 1h, which were a HRP conjugated rabbit
anti-mouse IgG (dilution 1:5000; A9044, Merck KGaA, Darmstadt, Germany), and a HRP
conjugated goat anti-rabbit IgG (dilution 1:5000; 31460, Pierce, Rockford, IL). Following sec-
ondary incubation, the membranes were washed three times with TBS-T, and the signals were
developed by using Immobilon Forte Western blot HRP Substrate (Merck KGaA, Darmstadt,
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Germany) and detected immediately on X-ray film. The antibody codes “GTX, SC, MA5”
indicate the antibodies were purchased from GeneTex, Irvine, CA., Santa Cruz Biotechnology,
Dallas, TX, USA, and Thermo Fisher Scientific, Waltham, MA, respectively.

Indirect immunofluorescence assay (IFA)

HEK293T/17 cells grown on coverslips were fixed with 4% paraformaldehyde for 20 minutes
and permeabilized by addition of 0.3% of Triton-x in 1X PBS buffer for 10 min. After that cells
were blocked with 10% of normal goat serum before incubation with the primary antibody;
DENV-NS3 (dilution 1:50; GTX124252), DENV-NS5 (dilution 1:50; PA527888), ZIKV-NS3
(dilution 1:50; GTX133309), JEV-NS3 (dilution 1:10,000; GTX131359), FASN (dilution 1:25;
sc-32233), FASN (dilution 1:50; 3180) and J2 (dilution 1:150; J2-0702, Scicons, Limburg,
Netherlands) at 4°C in a humid chamber overnight. After washing cells were then incubated
with an appropriate secondary antibody, donkey anti-mouse IgG antibody conjugated with
Alexa™ Fluor 488 (dilution 1:100; PA5-21202), donkey anti-rabbit IgG antibody conjugated
with Alexa™ Fluor 647 (dilution 1:100; PA5-31573) and 0.5 pg/ml DAPI for one hour. After
washing cell were mounted on glass slides in, ProLong Gold Antifade reagent (Thermo Fisher
Scientific, Waltham, MA) before observation under a confocal laser scanning microscope LSM
800w Airy scan (ZEISS, Oberkochen, Germany) at 63x magnification.

Colocalization analysis

The co-localization analysis was performed using ZEN blue with 2-dimensional analysis of
colocalization, and Image] software [28] with the PSC colocalization plugin [29]. GFP-C2
and MOCK samples were used for setting the threshold in both channels (GFP or Alexa™
Fluor 488 and Alexa™ Fluor 647). Because not every cell was transfected or infected, target
cells which presented both colors were individually selected for analysis of the colocalization
with a minimum of ROIs n=20. The statistical analysis of colocalization was undertaken by
determining the Pearson’s correlation coefficient (-1, + 1). Non-parametric unpaired student’s
T-test and one-way ANOVA were used to determine differences in correlation coefficient
between samples using GraphPad Prism version 8 for Windows (GraphPad Software, La Jolla,
CA). The statistically significant two-tailed P-value are displayed as * (P < 0.05), ** (P <
0.01), and *** (P < 0.001).

To undertake a 3-dimensional analysis of co-localization analysis approximately 30 stack
photos were collected at 63X magnification with zoom in 1.5 times using the ZEN blue
program. The percent colocalization was analyzed by the object base method (Imaris version
9.9.0). The criteria of each object were set as a sphere shape with a 1.00 radius scale. The algo-
rithm settings for analysis were classified as spot and object-to-object statistics. For spot detec-
tion, the estimated XY diameter of all samples was set as 0.5 @M with background subtraction.
The object was classified into two groups including colocalization and non-colocalization. The
criteria cut off was set as 0.5 u M for the shortest distance to spot-spot.

Results
Human FASN and the viral protein NS3 and NS5 of DENYV, ZIKYV, and JEV
interaction

To determine any interactions between FASN and NS5 and NS3 of DENV, ZIKYV, and JEV,
recombinant plasmids of the appropriate Orthoflaviviral protein in frame with EGFP were
either constructed (NS3) or were as previously described (NS5, [27]). HEK293T/17 cells

were transfected individually with the six constructs, and on day 2 post-transfection cells were
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collected and proteins prepared. A portion of the protein lysate was reserved (input), while the
rest was used to pull down the Orthoflaviviral proteins using a GFP-trap. Western blot analy-
sis clearly showed that FASN was pulled down by all six constructs (Fig 1A). We additionally
probed the pulled down proteins for the presence of chaperone proteins known, or likely to
interact with either NS3 and or NS5 including GRP78 and HSP90 [30,31]. Both GRP78 and
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Fig 1. The interaction of FASN with NS3 and NS5 of DENV, ZIKYV, and JEV. (A) Co-IP, HEK293T/17 cells were transfected with the recombinant
NS3 and NS5 of DENV, JEV and ZIKV. The expression level of recombinant protein after 2 days post-transfection was detected by probe with the
anti-GFP and other proteins were detected with the specific antibodies (Input; left). The Co-IP was performed by using the GFP trapped bead to
target the GFP tagged with the bait proteins (NS3 and NS5). The target prey protein (FASN) and the positive control (the known interactors) were
probed with the specific antibodies to FASN, HSP90, and GRP78 (IP; right). (B) Reverse Co-IP, HEK293T/17 cells were transfected with the recom-
binant FASN and infected with DENV, JEV, and ZIKV. The expression level of recombinant protein FASN were detected by probe with the anti-GFP
and other proteins were detected with the specific antibodies (Input; left). Reverse co-IP was performed by using the GFP trapped bead to target the
GFP tagged with the bait proteins (FASN). The prey proteins (NS5 and NS3) were probed with the specific antibodies to NS5 and NS3 of each virus
(IP; right). An anti-GFP antibody was used to check the level of proteins which were immunoprecipitated (IP; right). All experiments were under-
taken as independent biological triplicates. Composite images are shown consisting of successive antibody probings of the same membrane which are
separated by white bars. Full, uncropped western blots can be found in the supplemental materials.

https://doi.org/10.1371/journal.pone.0319207.9001
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Fig 2. The interaction of NS3 and NS5 with FASN during DENYV, ZIKYV, and JEV infection. HEK293T/17 cells were transfected
with the recombinant NS3 and NS5 of DENYV, ZIKV, and JEV for 24 h before infected with DENV, ZIKV, and JEV MOI 5. The cell
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lysates were collected after 24 h (for DENV and ZIKV) or 12h (for JEV) post-infection. To determine the level of expression before
co-IP, the expression level of recombinant protein NS3 and NS5 of DENV, ZIKV, and JEV were detected by probing with the anti-
GFP antibody. The Co-IP was performed by using the GFP trapped bead to target the GFP tagged with the bait proteins (NS3 and
NS5 of DENV, ZIKV, and JEV; A, C, E, respectively). The target prey protein (FASN) was detected with an anti-FASN antibody

(A, C, E). Anti-GFP was probed to check the level of proteins which can immunoprecipitated. Western blot quantification between
FASN prey protein and GFP immunoprecipitated protein of (B) DENV, (D) ZIKV, and (F) JEV. Experiments were all undertaken as
independent biological triplicate. Composite images are shown consisting of successive antibody probings of the same membrane
which are separated by white bars. Full, uncropped western blots can be found in the supplemental materials.

https://doi.org/10.1371/journal.pone.0319207.9g002

Hsp90 interacted with all three NS3 constructs (Fig 1A), but not with the NS5 constructs.
Previously we had reported that Hsp90 interacted with both DENV NS3 and NS5 [30]. How-
ever, that study was undertaken using virus infection (and not with cloned proteins), and so it
seems likely that Hsp90 was shown as an interactor of NS5 through the well-known NS3-NS5
interaction.

To confirm the interactions, reverse Co-IP was undertaken using FASN as the bait protein
to identify NS3 and NS5 viral prey proteins. A recombinant FASN tagged with EGFP was
constructed and transfected into the HEK293T/17 cells. At 24 hours post transfection, the
cells were separately infected with DENV, ZIKV, and JEV. Proteins were collected at 24 hours
post infection for DENV and ZIKYV, and at 12 hours post infection for JEV because both NS3
and NS5 are highly expressed at 12h.p.i. [32]. GFP-trap beads were used to pull down FASN,
and the presence of NS3 or NS5 was determined in the immunoprecipitated proteins. The
results (Fig 1B) confirmed the previous results, in that both NS3 and NS5 for the three viruses
were pulled down together with FASN. It should however be noted that a signal was observed
for the JEV GFP negative control, both in input and IP, the cause of which is unclear. Neither
DENYV or ZIKV had a similar signal in the IP, but did have a signal in the input proteins.

Independent interactions of NS3 and NS5 of DENYV, ZIKYV, and JEV with
FASN

The previous results showed that both NS3 and NS5 interact independently with FASN. To
determine if the interaction is enhanced in the presence of the other protein, DENV, ZIKYV,
and JEV NS3 and NS5 were separately transfected into HEK293T/17 cells, and after 24 hours
the cells were either infected with DENV, ZIKV, JEV, or not infected. After a further 24 h (for
DENY, ZIKV), or 12h (JEV) proteins were collected and NS3 and NS5 were pulled down
using a GFP-trap, after which the immunoprecipitated proteins were probed to detect the
presence of FASN (Fig 2A, C, E). The results (Fig 2B, D, F) showed no significant difference in
FASN signal intensity between the transfection/mock infection and transfection/DENV, ZIKV,
JEV infection samples.

Localization of recombinant NS3 and NS5 of DENYV, ZIKYV, and JEV

To determine the location of the EGFP-tagged NS3 and NS5 in transfected cells, transfected
cells were stained to detect GFP and FASN and observed using a confocal microscope.
EGFP-NS3 was mostly found in the cytoplasm, while EGFP-NS5 of DENV and ZIKV was
found in the nucleus, while JEV EGFP-NS5 showed a cytoplasmic localization (Fig 3). FASN
also showed a cytoplasmic localization (Fig 3).

To evaluate the degree of colocalization between NS3 and NS5 with FASN, the colocal-
ization with FASN was observed by staining the cell with an antibody to FASN. The colo-
calization was evaluated by a 2-dimensional analysis of the Pearson’s correlation coefficient
which showed the colocalization of NS3 and FASN differed significantly among the viruses
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Fig 3. The localization of FASN and recombinant NS3 and NS5 proteins of DENV, ZIKV;, and JEV tagged with EGFP. HEK293T/17 cells were
transfected with the recombinant NS3 and NS5 of DENV, ZIKV and JEV on the cover slips. At 2-day post-transfection, cells on cover slips were exam-
ined by IFA with the primary antibody to FASN and secondary antibody Alexa™ Fluor 647 (red). The localization of each protein was observed with 63X
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magnification by confocal microscopy. DAPI was used to stain nucleus (blue). GFP represented the location of (A) NS3 and (B) NS5 (C) GFP-C2 empty
vector (green). The statistical analysis of Pearson’s correlation is shown in the right panel. NS means non-significant (P > 0.05), * (P < 0.05) and *** (P <
0.001).

https://doi.org/10.1371/journal.pone.0319207.9g003

(Fig 3A, right panel). The colocalization was observed in some regions which is shown in the
zoom images (Fig 3A) and indicated with black arrows. On the contrary, no colocalization
was presented between NS5 and FASN in ZIKV and DENV as shown by the negative value of
the Pearson’s coefficient value and by observation. The colocalization of NS5 and FASN was
found with JEV (Fig 3B, left panel). In sum, FASN colocalized in some areas with NS3 protein
of all three viruses at the different levels in concordance with the co-immunoprecipitation
results.

The rearrangement of the correlation between FASN and viral proteins
NS3 and NS5 of DENYV, ZIKYV, and JEV upon natural infection.

The colocalization between FASN and the cloned viral proteins (NS3 and NS5) in trans-
fected cells might not reflect the reorganization of the host and viral proteins upon virus
infection, where ancillary proteins may play a significant role. To observe the rearrangement
of FASN, NS3, and NS5 proteins in natural infection, DENV and JEV at MOI 5 were used to
infect HEK293/17 cells, while ZIKV at MOI 5 was used to infect A549 cells. The location of
each protein was observed at different time points (12h and 24 h) under a confocal micro-
scope. To indicate the specific location of the replication complex, the antibody J2 was used
to determine the location of dsRNA. Colocalization of NS3 of all three viruses and FASN
was observed at 24 h for DENV and ZIKV, and 12h for JEV (Figs 4A, 5A, 6A). Colocaliza-
tion of DENV NS5 was not observed, and expression of DENV NS5 was almost exclusively
confined to the nucleus (Fig 4C). Due to the lack of suitable antibodies, localization of ZIKV
and JEV NS5 could not be undertaken. FASN was shown to colocalize with DENV dsRNA
at 24 h.p.i. (Fig 4B), but no colocalization was conserved at 12 h.p.i. (Fig 4B). The site of
colocalization was predominantly perinuclear (Fig 4B). Similarly, perinuclear colocaliza-
tion was observed between ZIKV NS3 and FASN (Fig 5A) at 24 h.p.i., but no colocalization
was seen between FASN and ZIKV dsRNA (Fig 5B). For JEV, colocalization between NS3
and FASN was observed at 12h.p.i, but not at 24 h.p.i (Fig 6A). Similarly, no colocalization
was observed between FASN and dsRNA (Fig 6B). In each case, the degree of colocaliza-
tion was assessed by analysis of the Pearson’s correlation coefficient and the correlation of
either NS3, NS5 and dsRNA with FASN was significantly changed between 12 and 24 h.p.i
for all three viruses (Fig 4D, 5C, 6C), confirming that the colocalization of FASN and viral
proteins NS3, NS5, and dsRNA was altered during the viral infection for all three viruses at
different time points.

The Pearson correlation coefficient was determined based on the intensity base colocal-
ization of a 2-dimensional image that might be less accurate through accidentally merging in
the same plain. Moreover, the correlation was calculated based on the two intensities of the
channels, and it can be difficult to compare between viruses if the molecules under investiga-
tion have different cellular distributions, according to which virus is investigated. Therefore,
the colocalization between dsRNA and NS3 was confirmed by an object base colocalization
analysis which measured the proximity between two objects. The percentage of colocaliza-
tion was calculated based on the percentage of viral NS3 protein or dsRNA colocalizing with
FASN. The results showed that approximately 25-50% of NS3 and dsRNA colocalized with
FASN (S1 Figs S1A, S1B, S1), confirming that both NS3 and dsRNA of DENV, ZIKV and JEV
are colocalized with FASN.
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Fig 4. Colocalization analysis of FASN and DENV viral proteins NS3 and NS5 and dsRNA. HEK293T/17 cells
on cover slips were infected with DENV MOI 5. After 12 and 24 hpi, cells were used in an IFA analysis by double
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staining with the specific primary antibodies to (A) FASN (green) and NS3 (red) (B) FASN (red) and dsRNA (green)
(C) FASN (green) and NS5 (red) and the secondary antibodies (Alexa™ Fluor 488 and Alexa™! Fluor 647). DAPI was
used to stain the nucleus (blue). The localization of each protein was observed with 63X magnification by confocal

microscopy. The statistical analysis of Pearson’s correlation is shown in panel (D). ** (P < 0.01), and *** (P < 0.001).

https://doi.org/10.1371/journal.pone.0319207.9004

FASN expression in DENYV, ZIKYV, and JEV infected cells

To investigate FASN expression during virus infection HEK293T/17 cells (for DENV and
JEV), or A549 cells (for ZIKV) were infected and the cells were collected after 12 and 24 hpi,
the level of FASN protein expression was determined by western blot analysis. Cells infected
with DENV and ZIKV showed no significant difference in FASN expression as compared to
uninfected cells (Fig 7A-D), while there was a small but significant increase in cells infected
with JEV at 12 hpi as compared to uninfected cells (Fig 7E, F). However, by 2 4h.p.i. this
increase in FASN was no longer present.

Discussion

Several of the mosquito-transmitted viruses of the genus Orthoflavivirus exert a significant
impact on tropical and sub-tropical countries around the world [2]. Five viruses in this genus
are on the World Health Organization “Pathogens prioritization” list (available at https://www.
who.int/publications/m/item/pathogens-prioritization-a-scientific-framework-for-epidem-
ic-and-pandemic-research-preparedness) as either a priority pathogen or a prototype patho-
gen, namely ZIKV, DENV, YFV, JEV and WNV. Three of these viruses (DENV, ZIKV and JEV)
were investigated in this study. It should be noted that these viruses have no specific treatment
option (above general supportive care), but that three (JEV, YFV and DENV) have commercial
vaccines available. There are safe and highly protective vaccines for JEV and YFV [33], and two
vaccines commercially available for DENV. However, the first vaccine, Dengvaxia, has been
withdrawn from several markets due to cases of serious disease when the vaccine has been
administered to a DENV naive person [34,35]. The second DENV vaccine recently available
(QDENGA (TAK-003)) is still under close monitoring, and some studies have suggested that
seronegative children were only protected against DENV 1 and 2 [36], which again could sig-
nificantly impact roll out of this vaccine. It is also important to note that vaccines provide very
specific protection against a single virus species, and that there are a number of members of
the genus Orthoflavivirus that have the potential to rapidly emerge [37], akin to what happened
with the rapid emergence of ZIKV [7]. Thus, a good pan-Orthoflaviviral drug could serve as
the first defense in the emergence of a new mosquito-transmitted Orthoflavivirus.

Drug development can develop along several pathways, such as off-target screening, de
novo development or through developing drugs to specific targets [38]. For the latter option,
it is necessary to understand the basic processes by which a virus interacts with and modu-
lates the host cell to achieve optimization of virus production over the detriment to the cell
itself. Numerous studies have shown that Orthoflaviruses modulate numerous (if not most)
basic cellular mechanisms. One cellular process that has garnered interest is the modulation
of the host cell lipid profile and several studies have pointed to lipid involvement at multiple
stages in the viral replication cycle (reviewed in [39,40]). Interestingly, it has been proposed
that a major consequence of lipid remodeling is alteration of the lipid composition of cellular
membranes, to allow the flexibility for the lipid membrane carrying prM and E proteins to
wrap around the nucleocapsid core [25]. These in vitro studies have been supported by studies
undertaken on samples from DENV patients which have shown that there are distinct changes
in the lipidome of DENV infected patients [41,42].
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Fig 5. Colocalization analysis of FASN and ZIKV protein NS3 and dsRNA. A549 cells on cover slips were infected
with ZIKV MOI 5. After 12 and 24 hpi, cells on cover slips were used in an IFA analysis by double staining with the
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specific primary antibodies to (A) FASN (green) and NS3 (red) (B) FASN (red) and dsRNA (green) and the secondary
antibodies (Alexa™ Fluor 488 and Alexa™ Fluor 647). DAPI was used to stain the nucleus (blue). The localization

of each protein was observed with 63X magnification by confocal microscopy. The statistical analysis of Pearson’s
correlation is shown in panel (C). *** (P < 0.001).

https://doi.org/10.1371/journal.pone.0319207.9g005

Autophagy is a cellular pathway involved in the lysosomal degradation of macromolecules
and organelles, allowing recycling of the constituents [43]. Autophagy has been shown to
be increased during DENV infection [44,45], and it has been proposed that the main conse-
quence of this is to increase -oxidation to increase the available energy to support DENV
replication [46].

Lipid metabolism is broadly divided into three processes, namely lipogenesis, lipolysis
and fatty acid oxidation and expression of genes in all three processes have been shown to be
perturbed in DENV infection [23]. A key enzyme in lipid metabolism is FASN which is the
rate limiting enzyme in the lipogenesis pathway, which catalyzes the synthesis of palmitate
from the precursors acetyl-CoA and malonyl-CoA [47]. Several previous studies have high-
lighted the critical involvement of FASN in DENV infection. One previous study showed that
inhibition of FASN through either siRNA knockdown or treatment with the drug orlistat sig-
nificantly reduced viral replication for DENV, JEV and ZIKV [24]. Other studies have shown
that lipid remodeling is associated with the re-localization of FASN to the replication complex
by interaction with DENV NS3 [25], possibly through the involvement of Rab18 [26]. In our
earlier study we also observed colocalization between DENV NS3 and FASN, but were unable
to confirm the interaction between the two proteins in pull-down assays [23]. More recently
we observed in a ZIKV and JEV NS5 interactome study that FASN was pulled down by ZIKV
NS5 [27]. This suggests that both NS3 and NS5 have the potential to interact with FASN.
However, there is also the possibility that FASN was pulled down by JEV NS5 through its
interaction with NS3 which interacts with NS5 [19,20]. However, the earlier study was focused
on cellular proteins that interacted with JEV and ZIKV NS5s, and did not investigate any fla-
viviral proteins co-immunoprecipitating with NS5. However, the well documented interaction
between NS3 and NS5 [19,20] suggest that this could have been a possibility. In addition, the
involvement of other host cell proteins mediating the interactions cannot be rules out.

In this study, we showed conclusively that FASN can interact independently with both NS3
and NS5 of DENV, JEV and ZIKV suggesting that this is probably a common process with
other Orthoflavivirus members, we also showed that having both NS3 and NS5 present did not
result in any increase in binding to FASN. We also note that our results for DENV agree with
the study of Heaton and colleagues [25] who first observed the interaction between DENV
NS3 and FASN, and is in contradiction to our previous observation [23]. It should be noted
that this study was undertaken with cloned NS3, while our previous study was undertaken
with natural infection which may account for the discrepancy. However, both studies have
reported the colocalization of DENV NS3 and FASN [23,25].

While specific antibodies against ZIKV and JEV NS5 proteins were able to detect the
proteins in western blot analyses, they gave no signal in IFA studies, suggesting these antibod-
ies may have been raised against a conformation susceptible epitope. The antibody against
DENYV NS5 protein did give a signal, but the signal was almost entirely located in the nucleus,
as has previously been noted by others [48,49], and no signal colocalizing with FASN was
observed. The nuclear localization of DENV NS5 has been reported to be serotype specific,
although studies do not necessarily agree on which serotypes predominantly localize to the
nucleus, and which do not [50,51]. While NS5 protein must be part of the replication com-
plex (as the RdRp), detection of its cytoplasmic localization remains largely enigmatic. With
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Fig 6. Colocalization analysis of FASN and JEV protein NS3 and dsRNA. HEK293T/17 cells on cover slips were
infected with JEV MOI 5. After 12 and 24 hpi, cells on cover slips were used in an IFA analysis by double staining
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with the specific primary antibodies to (A) FASN (green) and NS3 (red) (B) FASN (red) and dsRNA (green) and the
secondary antibodies (Alexa™ Fluor 488 and Alexa™ Fluor 647). DAPI was used to stain the nucleus (blue). The
localization of each protein was observed with 63X magnification by confocal microscopy. The statistical analysis of
Pearson’s correlation is shown in panel (C). *** (P < 0.001).

https://doi.org/10.1371/journal.pone.0319207.9g006
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Fig 7. Expression of FASN in response to DENV and JEV infection of HEK293T/17 cells and ZIKV infected A594
cells. HEK293T/17 cells were infected with DENV and JEV at MOI 5 while A549 cells were infected with ZIKV MOI
5. The cells were collected at 12 and 24 h.p.i, and FASN expression was determined by western blot analysis probing
with antibodies specific to FASN, viral protein ENV for (A) DENV, (C) ZIKV and (E) NS3 for JEV. All experiments
were undertaken as three independent biological replicates. FASN expression levels in cells infected with the three
viruses (B, D, F) were quantitated by the band intensity of FASN and an internal control, GAPDH. * (P > 0.05).
Composite images are shown consisting of successive antibody probings of the same membrane which are separated
by white bars. Full, uncropped western blots can be found in the supplemental materials.

https://doi.org/10.1371/journal.pone.0319207.9007

the EGFP- tagged constructs, no colocalization was observed between ZIKV-NS5 and FASN
or between DENV-NS5 and FASN (consistent with the results seen in natural infection).

A significant degree of colocalization was however observed between JEV-NS5 and FASN,
and this reflects the different cellular locations of the proteins. NS5 of JEV can be found in
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the cytoplasm, but more than 80-90% of DENV NS5 after 24 post-infection is located in the
nucleus [49].

The localization of NS5 in natural infection was determined in this study. However, it
showed no colocalization in DENV, even at 12- and 24-hour post-infection. We suggested that
the interaction of NS5 was observed in the Co-IP experiment due to the bead concentrating all
expressed NS5 proteins in the cells to bind with GFP bead which has very high sensitivity. In
contrast with IFA which focused on some areas in the cells. It should be noted that the ability
of NS5 to interact with FASN is independent of any colocalization, and there may be brief or
transitory points in the replication cycle where the interaction has functional merit. Further
study for the real-time live cell imaging which is able to track the location at each time point
might be help in unravelling the complexities of NS5 localization during infection.

The antibody ]2 recognizes double stranded RNA and has been used previously as a marker
for the DENV replication complex [45,52]. We observed colocalization between dsRNA and
FASN at 24 hours post infection in DENV infection but failed to see it in ZIKV and JEV
infection in a single plain analysis. However, in a Z-stack analysis 25-50% of NS3 and dsRNA
colocalized with FASN for all three viruses confirming the localization of FASN at the replica-
tion complex.

This study has shown that both NS3 and NS5 are able to interact with FASN and that
some FASN becomes relocated to the replication complex. Importantly, this was shown for
three different mosquito-transmitted viruses, namely DENV, JEV and ZIKV, implying that
this may represent a common mechanism for mosquito-transmitted members of the genus
Orthoflavivirus.

Supporting information

S1 File. S1 Fig. The three-dimensional structure of HEK239/17 and A549 cells infected with
DENV, JEV, and ZIKV at 12 and 24 hpi. Confocal microscopy determined the colocalization
between FASN and NS3/dsRNA of (A) DENV (B) ZIKV (C) JEV. The images were taken in
approximately 30 stacks, with 63X magnification and 1.5X Zoom. Each color represents dif-
ferent fluorochrome staining proteins. For staining of FASN and NS3, FASN is represented in
green (AlexaTM Fluor 488), and NS3 is represented in red (AlexaTM Fluor 647). For staining
of FASN and dsRNA, FASN is represented in red (AlexaTM Fluor 647), and NS3 is repre-
sented in green (AlexaTM Fluor 488). The nucleus is represented in blue (DAPI). The percent
colocalization was analyzed by Imaris program (version 9.9.0) shown in the right panels. S1
Table. Primer sequences for constructing NS3 and FASN. uncropped western blots.

(PDF)
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