THE UNIVERSITY OF CHICAGO

ACETYLATION OF THE ZIKA VIRUS NS3 PROTEIN BY A SINGLE ISOFORM OF

HOST ENZYME KAT5 (KAT5y) PROMOTES VIRAL REPLICATION

A DISSERTATION SUBMITTED TO
THE FACULTY OF THE DIVISION OF THE BIOLOGICAL SCIENCES
AND THE PRITZKER SCHOOL OF MEDICINE
IN CANDIDACY FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY

COMMITTEE ON MICROBIOLOGY

BY

TARYN MAE SERMAN

CHICAGO, ILLINOIS

DECEMBER 2022



Copyright © 2022 by Taryn Mae Serman
All Rights Reserved



TABLE OF CONTENTS

LIST OF FIGURES. . ... e e Vil
ACKNOWLEDGEMENT ... e IX

1 INTRODUCTION. Lt et 1

1.1 FlAVIVIFUSES. .. .ot 2

1.1.1 The Flavivirus lifecycle.............ccooiiiiiiii e 3

1.1.2 The Flavivirus NS3 protein and its functions......................... 8

1.1.3 Zika Virus (ZIKV) Epidemiology and Tropism...................... 16

1.1.4 West Nile Virus (WNV) Epidemiology and Tropism.............. 17

1.1.5 Antiviral drugs and vacCiNesS............ccviiiiiiiiiiiiiieieeenn, 18

1.2 Post-translational Modifications (PTMS)........ccoooiiiiiiiiiiiiiiieeea 22

1.2.1 PTMs of flavivirus proteins.............cccoeeiiiiiiiiiii e, 23

1.2.2 Modulation of protein function by acetylation...................... 25

1.2.2.1 Host lysine acetyltransferases and

deacetylases.........cccooviiiiiiiiii 28

1.2.2.2 Histone Acetylation...................ccoeeeieenenn. 29

1.2.2.3 Acetylation of Cellular Proteins.................. 30

1.2.2.3.1 Acetylation of Cellular Helicases.......... 32

1.2.2.3.2 Acetylation and RNA Binding.............. 33

1.2.2.4 Viral protein regulation by acetylation.......... 35

1.2.3 The host lysine acetyltransferase 5 (KAT5)........ccccoevviniintn. 38
1.2.3.1 KAT5 and its cellular functions................... 38



2

1.2.3.2 KAT5 isoforms: their domain structures,
functions, and regulation............................ 41
1.2.3.3 KAT5 and its role in viral infection.............. 45

ACETYLATION OF ZIKV NS3 AT K389 CONTROLS NS3's RNA BINDING AND

UNWINDING ACTIVITIES AND REGULATES ZIKV REPLICATION.................. 48
2.1 ADSHIACT. . .t 49

2.2 INEFOAUCTION. ... e e e 49

2.3 RESUIS. ... 51
2.3.1 Identification of ZIKV NS3 PTMs by MS analysis................. 51

2.3.2 ZIKV NS3 undergoes robust acetylation at K389................. 54

2.3.3 Acetylation of ZIKV NS3 at K389 controls the RNA binding and
unwinding capacities of the helicase.........................oil. 57

2.3.4 NS3 K389R/Q mutant recombinant viruses have attenuated
replication Capacities...........coeiiiiiii i 61

2.3.5 Acetylation of ZIKV NS3 at K389 does not affect NS3's

protease activity, IFN antagonism, or NS5 binding............... 63
22 I 1S o1 1 1S [0 o 64
2.5 MEINOAS. ..o 71

HUMAN KAY5y ACETYLATES ZIKV NS3 AND PROMOTES VIRUS

RE P LIC AT ION . L. e 82
3.1 ADSIIACT. ..t 83
1G22 |1 £ Yo [8 [ox 1o T o TR PPN 83
3.3 RESUIS. e 84



3.3.1 Identification of human acetyltransferases that modulate ZIKV
replication through an RNAI screen............cccoovveviiieiennne. 84

3.3.2 Acetylation of ZIKV NS3 at K389 and regulation of viral
replication by host enzyme KATS......ccooiiiiiiiiiiiiiie 89

3.3.3 A specific isoform of KATS5, KAT5y, controls ZIKV NS3

acetylation and viral replication................cccooiiiiiiiieen. 93

I B ST ol U 1] o] o P 101

3.5 MELNOAS. ... e 108

4 ACETYLATION OF NS3 BY KAT5y IS CONSERVED IN WEST NILE VIRUS.....118
A1 ADSIITACT. .. et 119

L 111 (0o [ T 1o ] 1R PP 119

4.3 RESUIS. ..t 122

4.3.1 Acetylation of WNV, DENV, and YFV NS3 proteins............ 122

4.3.2 WNV NS3 binds to KATSY...oeiiiiiiii e 123

4.3.3 KATS5 controls WNV NS3 acetylation and WNYV replication...124

A4 DISCUSSION. ... ettt ettt 125
4.5 MEENOUS. . ... 128
S CONCLUSION S . e 133
5.1 OVErvieW Of reSUILS. .. ... 134
5.2 Concluding remarks and future directions...............ccooviiiiiiiiennnn. 137

5.2.1 Potential mechanisms of KAT5y targeting for antiviral



5.2.3 Emerging flaviviruses and pandemic potential....................

REFERENCES. . ... e

Vi



LIST OF FIGURES

1.1 Flavivirus polyprotein processing and assembly at the ER-derived replication

(070 101 0] = PP 4
1.2 Lysine acetylation controls diverse cellular networks by regulating various protein
L8103 10 0 31
2.1 Workflows for sample preparation for Mass Spectrometry (MS) analysis of post-
translational modifications of ZIKV proteins. .........ccoiieiiiiiiiii e, 52
2.2 ldentification of ZIKV NS3 acetylation by Mass Spectrometry (MS) analysis......... 54
2.3 Biochemical analysis of ZIKV NS3 acetylation.............c.ccoviiiiiiiiiiiiiiieeene 55
2.4 Acetylation of NS3 is not enhanced by IFN-B stimulation or Sendai virus (SeV)

17 =T 1o ) o 56
2.5 ZIKV NS3 residue K389 is robustly acetylated during overexpression and authentic
A1 = T = ox (o o 57
2.6 Mutation of NS3 K389 modulates the RNA binding and unwinding capacity of the
NEliCASE AOMAIN. .. ... et 60
2.7 Regulation of the acetylated state of K389 in ZIKV NS3 is required for successful
A= LB =] o] o= 11 o] o P 62
2.8 K389 mutation does not affect NS3's protease, immunodulatory, or NS5-binding

=1 ]| 11T 64
2.9 Two hypotheses explaining how K389 may act as a major site for NS3

ACETY AT ON . e 67
2.10 Model for proviral control of ZIKV replication by NS3 acetylation....................... 69
2.11 Model for the dynamic, proviral regulatory switch controlling the RNA binding and
unwinding activity of the NS3 helicase by acetylation..................ccooiiiiiiiiens. 71
3.1 RNAI screen of human lysine acetyltransferases (KATs) for their effect on ZIKV
(=T 0] o= i o o PRSPPI 86
3.2 Screening proviral KAT candidates for their role in direct acetylation of ZIKV NS3 at
FESIAUE K38 .. i e 88
3.3 KATS5 binds and acetylates ZIKV NS3.......oiii e, 90
3.4 Knockdown of KATS5 reduces ZIKV replication in several different cell types............ 91
3.5 Anacardic acid treatment restricts ZIKV replication............c.cooooiiiiiiiiiiiiinnnnn. 93
3.6 Schematic representation of the KAT5 gene organization and Western blot of the four
huMaN KAT S 1SOTOIMS . ... et e eeaaenens 94
3.7 KATS5y is required for ZIKV NS3 K389 acetylation and viral replication................. 96

3.8 Ectopic expression of KAT5y modulates ZIKV NS3 acetylation, ZIKV replication, and
RNA UNWINding DY NS 3. ... e 98

Vii



3.9 KATS expression is not induced by ZIKV infection nor specific to ZIKV-permissive

Cel Y P S . e 100
3.10 KAT5y localizes to the replication complex during ZIKV infection...................... 101
3.11 Potential role for KAT3B in enhancement of ZIKV NS3 acetylation by
[ <SPPI 104
4.1 Acetylation of NS3 is conserved in West Nile virus (WNV).......coooioiiiiiiiiininnns, 123
4.2 WNV NS3 binds to a single isoform of KAT5, corresponding to the size of

KA T DY . et 124
4.3 Silencing of KAT5/KAT5y reduces WNV NS3 acetylation and viral replication.....125
5.1 KATS isoforms in mice and targeting of the mouse KATS intron........................ 138

viii



ACKNOWLEDGEMENTS

| firstly want to thank my P.I, Dr. Michaela Gack, for giving me the fully-funded
opportunity to work in her laboratory, even across a move from Chicago to Florida.
Further, | want to thank my additional scientific mentors and colleagues, Dr. Michiel van
Gent and Dr. Cindy Chiang, for teaching me how to be a scientist, both at the bench and
outside of the lab.

| want to deeply thank my friends who supported me throughout this arduous
experience. Andrea Watson, thank you for your unwavering kindness and optimism.
Paula Lockwood, thank you for sitting next to me in 8" grade science class and keeping
me young ever since. Victoria Riedinger, Kelly Cerri, Marla Shipton, Kelsey Peterson, and
Sylke Lopez: thank you for providing me with so many laughs and wonderful experiences.

| also want to thank those scientists who | looked up to along the way: Dr. Claire
Reynolds, Dr. Joyce Lee, Dr. Anne Marie Skalka, Dr. Kate Buettner, Dr. Lisa Rohan, Dr.
Galit Regev, Dr. Sheila Grab, Dr. Lucia Rothman-Denes, and Dr. Yasmine Baktash.
Thanks for making science look so damn cool.

Finally, | want to thank my parents for their constant support and gentle reminders.

You believed in me when | didn’t. | love you both.



CHAPTER 1

INTRODUCTION

Some elements of this chapter are adapted or directly from: Serman, T and Gack, M.U.
Evasion of Innate and Intrinsic Antiviral Pathways by the Zika Virus. Viruses 2019,

11(10): 970.



1.1 Flaviviruses

The Flaviviridae family of viruses is comprised of several genera, of which, the
Flavivirus genus will be highlighted. The Flavivirus genus can be further subdivided into
four clades based on the arthropod vector (or lack of vector) required for transmission of
the virus. Mosquito-transmitted flaviviruses represent a major clade of human pathogens,
of which Zika virus (ZIKV), dengue virus (DENV), yellow fever virus (YFV), Japanese
encephalitis virus (JEV), and West Nile virus (WNV) are members. Of note, the major
human pathogen Hepatitis C virus (HCV) is a member of the Flaviviridae family, but
resides in a separate genus (hepacivirus). The name “flavivirus” originates from the Latin
word for yellow, “flavus”, and was derived from the jaundice symptoms caused by
infection with YFV, the “prototypical” flavivirus [1]. The disease symptoms of flaviviruses
are quite variable within a human host, but the two major types of disease progression
are (1) neurological symptoms such as encephalitis, meningitis, and acute paralysis and
(2) hemorrhagic symptoms, such as severe headache, seizures, and lethargy [2]. These
divergent symptoms depend on the tropism of the specific flavivirus infection; however,
both disease progressions have the potential to be lethal. Despite different pathological
presentations, all flaviviruses have a highly conserved molecular structure. In general,
flaviviruses are 40-65 nm in size and harbor an ~11 kb single-stranded, positive-sense
RNA genome. Upon entry into host cells, these genomes are directly translated into a
single polyprotein that is subsequently cleaved into ~10 multi-functional proteins [3].
These proteins and their functions are largely conserved across flaviviruses, with some

distinct molecular differences.



1.1.1 The Flavivirus lifecycle

Flaviviruses enter specific target cells via attachment and receptor-mediated
endocytosis, coordinated largely by the viral envelope (E) and pre-membrane (prM)
proteins displayed on the surface of flavivirus virions [3]. Some attachment factors and
receptors have been identified for flaviviruses, though they tend to be cell-type and
virus-specific. For example, the C-type lectin DC-SIGN enables attachment of both
DENV and WNV to dendritic cells and ZIKV into HEK293T cells [4], while the mannose-
receptor allows for entry of DENV into macrophages [5]. Moreover, the TAM subfamily
of receptor tyrosine kinases, consisting of Tyro3, Axl, and MerTK, have been implicated
in the attachment of a broad range of flaviviruses. For example, Axl and its cognate
ligand, Gas6, allow for DENV and ZIKV entry into specific host cells [6, 7].

Upon receptor binding, virions are endocytosed in a clathrin-dependent manner. In
the low pH environment of the endosome, the viral E protein undergoes a
conformational change that allows for fusion between the endosomal membrane and
the viral envelope. This fusion process permits the viral RNA to enter into the host cell
cytoplasm [8]. Upon entry into the cytoplasm, the flavivirus ~11 kb single-stranded,
positive-sense RNA genome is directly translated into one large polyprotein that
encodes three structural proteins — capside (C), pre-membrane/Membrane (prM/M),
and envelope (E) — and seven nonstructural proteins (NS1, NS2a, NS2b, NS3, NS4a,
NS4b, and NS5), which contribute to both viral replication and modulation of host

processes (Fig 1.1).
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Fig 1.1. Flavivirus polyprotein processing and assembly of the replication
complex at ER membrane-derived replication organelles. After viral entry, the host
machinery translates the viral genome into a single polyprotein. This polyprotein is
subsequently cleaved (by host and viral proteases) into 3 structural proteins and 7
nonstructural (NS) proteins. The NS proteins assemble at the ER membrane, forming
replication organelles on which the enzymatically-active replication complex forms.
NS2a, 2b, 4b, 4a, and NS1 have transmembrane helices for anchoring into the ER
membrane, while the enzymes NS3 and NS5 remain in the replication complex through
binding to other NS proteins. The NS5 polymerase synthesizes new genomic positive-
sense RNA from the negative-sense anti-genome, while the NS3 helicase domain
unwinds dsRNA intermediates that form during replication. After replication of the RNA
genome, the RNA is packaged into virions that are secreted from the infected cell
through the secretory pathway.

The polyprotein is cleaved by host proteases and the viral protease, NS3, in
complex with its essential cofactor NS2b, and this proteolytically-active complex is

referred to as “NS2b3”. Cleaved nonstructural (NS) proteins assemble at the ER



membrane, forming a replication organelle (RO) that houses the enzymatically-active
replication complex (RC) within remodeled ER-membrane vesicles in the host
cytoplasm [2]. These RO’s can be further subdivided into vesicle packets (VPSs), in
which viral RNA replication occurs, and convoluted membranes (CMs), which are less
well-defined and are likely the site of polyprotein processing [9]. The key function of
these RO'’s is to concentrate the viral RNA and enzymes of the RC, as well as to shield
the viral RNA from host proteases/nucleases and from detection by the host innate
immune system [10]. Flavivirus NS4a and NS4b have been shown to play a crucial
role in remodeling host membranes to set up the RO [9]. Within the RC, NS3 and NS5
are central to replication of the RNA genome, providing both helicase and RNA-
dependent RNA polymerase activities, respectively. These two catalytically-active
enzymes interact with each other during viral RNA replication and function to generate
a complementary negative strand of RNA (“anti-genome”) from which many new
positive-strand RNA genomes are produced [2]. In addition to its role as a helicase
that unwinds dsRNA intermediates formed by NS5 during replication, NS3 also
contains an RNA triphosphatase domain that cleaves nascent RNA, allowing for
capping activity by the NS5 methyltransferase domain. Additionally, NS4b acts as an
integral membrane protein that binds NS3, forming the RC core. NS2b, in addition to
its central hydrophilic domain that functions within the NS2b3 protease, also has two
transmembrane domains that anchor it within the RC membrane during replication.
NS2a also likely integrates into the RC membrane. Flavivirus NS1, which takes on
diverse forms during viral replication, also localizes to the replication complex, acting

as a cofactor for viral replication [11].



Outside of their roles in replication, NS proteins have been shown to play many
other roles during infection. In particular, NS1 can act as a secreted hexameric protein,
playing both an immune evasion role by targeting the complement system, as well as
an immunogenic role by activating TLR4 [12]. Recently, a new role for NS1-induced
hyperpermeability of endothelial cells suggests a mechanism for fluid extravasation
from tissue, a severe pathology of flavivirus infection [13]. Additionally, NS3, NS4a,
and NS4b have been shown to play roles in lipid metabolism, potentially to provide
membranes for replication complex assembly [14, 15]. Further, both NS2a and the
transmembrane domain of NS2b have been linked to viral assembly and the formation
of new viral particles [2].

The flavivirus RNA contains a type 1 cap at its 5'-end but lacks a 3'-poly-adenylated
end. The RNA genome contains only one open reading frame encoding the single
polyprotein, with a long 5' and 3' untranslated region (UTR) that contain elaborate
secondary structures. The 5'-UTR has two conserved stem-loop (SL) structures, SLA
and SLB, while the 3'-UTR has three distinct regions of stem loops. The first 3'-UTR
region contains highly variable stem loops that are resistant to degradation by host
exonuclease Xrn-1, and are therefore referred to as “xrRNA-1" and “xrRNA-2” [16].
Interestingly, when the host Xrn-1 stalls at these two RNA structures, subspecies of
RNA can be generated, called subgenomic flaviviral RNA (sfRNA), which have been
shown to promote viral replication and pathogenicity [17-19]. The second 3-UTR
region contains two tandem dumbbell (DB) structures, called DB1 and DB2, which are
further stabilized by two RNA pseudoknots. These pseudoknots have been shown to

play a functional role during viral RNA replication, translation, and generation of sSfRNA.



The third domain of the 3'-UTR contains a large and highly conserved stem loop, called
“3'SL”, which has been shown to interact with host and viral proteins to modulate RNA
synthesis and translation. Interestingly, the entire RNA genome has been proposed to
exist as either a linear or cyclized form, in which base pairing occurs at inverted
complementary sequences of the 5' and 3' UTR. Genome cyclisation likely acts as a
switch from viral RNA replication (on cyclized forms) to polyprotein translation (on

linearized forms) [16].

Concomitantly with viral RNA replication, a single copy of the genomic RNA is
packaged into the mature virion at ER membranes of the RO. The virion is comprised
of the three viral structural proteins: C, prM/M, and E. The newly-synthesized single
copy of genomic RNA is bound by 60 capsid dimers in a process called
“‘encapsidation”. During encapsidation, the transmembrane o5 helix of the C protein is
proteolytically processed by flavivirus NS2b3 and host signalase, allowing for capsid
dimerization. At the same time, prM-E glycoprotein heterodimers start to trimerize and
assemble on the nucleocapsid, with the transmembrane domains of the prM-E forming
“trimeric spikes” that bind to the dimerized C proteins [20]. These immature virions,
containing 60 heterotrimeric spikes of prM and E subsequently acquire host ER-
derived membranes by budding into the ER lumen. Assembled virions exit the host cell
via the secretory pathway, which involves passing through the highly acidic trans-Golgi
network (TGN). Within the low pH environment of the TGN, the E protein undergoes
conformational changes and the prM protein exposes a cleavage site that is
recognized by the host protease furin. Cleavage of prM to M by furin is required for

mature virion production, causing the virus to obtain a smooth fusogenic, infectious



surface for subsequent host cell infection [1, 21]. Upon egress through the secretory

pathway, viral particles are exocytosed to begin a new infection cycle.

1.1.2 The Flavivirus NS3 protein and its functions

The flavivirus NS3 protein is a 68-75 kDa multi-functional protein composed of two
major domains, the N-terminal chymotrypsin-like serine protease domain and the C-
terminal DEAH-like SF2-family member helicase domain. NS3 is well-conserved, with
approximately 67% sequence identity across mosquito-transmitted flaviviruses. The N-
terminal protease domain (residues 1-169) contains a chymotrypsin-like fold and a
catalytic triad composed of a histidine, aspartic acid, and serine residue. Importantly, the
NS3 protease domain is not catalytically active unless it interacts with its NS2b cofactor,
which facilitates the folding of the NS3 protease and stabilizes its catalytic triad [2].

The C-terminal helicase domain (residues 179-618) possesses three essential
catalytic activities: (1) dsRNA helicase unwinding activity, to provide single-stranded
templates for replication by the NS5 polymerase domain, (2) NTPase activity, to cleave
ATP and power helicase unwinding, and (3) RTPase activity, to prime nascent RNA
strands to allow for capping by the NS5 methyl-transferase domain. The NS3 helicase
domain contains three subdomains: subdomain 1 and 2, which possess RecA-like folds
(a hallmark of SF2 helicases) and eight conserved maotifs (1, Ia, II, I, IV, Iva, V, VI), and
subdomain 3, which is unique to viral/DEAH-like helicases. Subdomain 1 and 2 form an
ATP binding site between them, while the third subdomain functions to form the RNA
binding tunnel between itself and subdomains 1 and 2. During viral RNA replication, the
NS3 helicase first interacts with double-stranded RNA at a region between subdomain 2

and 3, known as the helical gate, which contains a structural feature known as the “B-



wedge/hairpin” or the “RNA binding loop” (res 244-255) [22]. Currently, it is not clear
exactly how NS3 recognizes its RNA substrate, and whether a dsRNA substrate can be
unwound directly or if it must first be processed to provide a single-strand for helicase
loading. In vitro studies have revealed a preference for the NS3 to load onto a 3' overhang
at the end of dsRNA [23]. Nevertheless, after NS3 loading onto viral RNA, the third
subdomain shifts to allow for accommodation of a single RNA strand, while the B-
wedge/hairpin separates the dsRNA as NS3 traffics along the strand, allowing the
negative-sense RNA to pass out of the complex through the RNA binding tunnel.
Unwinding occurs in a 3’25’ direction, with an 11 bp step size, and is powered by the
catalytic ATPase activity [24]. The coupling of RNA unwinding and ATPase hydrolysis by
the NS3 helicase is still not entirely understood. A variety of crystallographic studies have
predicted that the NS3 enzyme unwinds one base-pair of RNA per ATP hydrolysis event,
though the mechanism of translocation (ie, Brownian or backbone stepping motor) of NS3
unwinding is still contested in the field [25]. However, molecular dynamic stimulations
suggest that binding to the RNA substrate alters the water molecule positioning and
dynamics within the ATPase site, potentially stimulating the ATPase cycle [25]. More
specifically, upon RNA binding, the E285 residue, positioned in the rear of the ATPase
active site, shifts to act as a nucleophilic base for ATP cleavage [22, 25]. The two catalytic
domains (protease/helicase) of NS3 are combined by a flexible linker region (res 169-
179), allowing for both activities to be maintained either separately and concomitantly
[26]. Some studies have shown that activity of the NS3 protease domain can enhance the
activity of the NS3 helicase dsRNA unwinding function, while other studies have shown

no influence of the protease domain on helicase function [26-28].



In terms of the residues of NS3 that play a role in RNA binding, crystal structures of
various flavivirus NS3 proteins have identified residues in subdomain 1 motif 1a and
subdomain 2 motifs IV, IVa, and V as important for providing contact with the
phosphodiester backbone of the nucleic oligomer [22]. Tian et al. published the first ZIKV
NS3 helicase structure that was bound to sSRNA, in this case, a 12-mer synthetic RNA
substrate. Compared with its apo-form, the ZIKV helicase underwent robust
conformational changes to accommodate the RNA, in a “double-leaf swing gate”
mechanism, with subdomain 2 and 3 moving in the reverse direction of each other. This
rotation in the ZIKV helicase was quite distinct from DENV helicase’s rotation from the
apo to the RNA-bound state. Interestingly, while the residues near the RNA binding region
are well conserved at the sequence level between ZIKV and DENV, the RNA recognition
mode highlighted by the two RNA-bound NS3 structures differed from each other. For
example, the side chain of K431 in the ZIKV helicase points inwards and forms a salt
bridge with side chain D410, while the DENV NS3 corresponding residue (K430) projects
its side chain into the solvent [29]. Based on this structure, Xu et al. tested the function of
these two residues, K431 and D410A, in terms of RNA binding and unwinding. As the
structure predicted, a bacterially-purified NS3 K431A or D410A mutant both had reduced
RNA binding capacities compared with NS3 WT, as determined by fluorescent
polarization. Likewise, the dsRNA unwinding ability of both mutants was also reduced,
suggesting these residues play a bonafide role in RNA binding of the bacterially-purified
NS3 helicase domain [23].

In addition to RNA binding residues predicted by the ZIKV helicase crystal structure,

RNA binding residues in other flavivirus NS3 have been previously identified. For

10



example, mutation of a conserved R/K residue in motif IVa of multiple flavivirus helicase
domains (DENV4 R387M, WNV R388M, HCV R393A) has proven important for RNA
binding [25, 28, 30, 31]. The first study found that mutation of a neighboring residue of
this conserved dipeptide in E. coli-purified HCV NS3 (Y392A) reduced duplex unwinding
activity (ssDNA), single-stranded polynucleotide binding capacity, and polynucleotide-
stimulated ATPase activity [31]. More recently, Davidson et al. used molecular dynamics
simulations of the DENV NS3 protein bound to a 7-bp long RNA and found DENV NS3
R387 stabilized RNA through interaction with the RNA phosphate backbone. This
interaction led to a hypothesized step of NS3 translocation along RNA, linked with
NTPase activity. The authors hypothesized that upon DENV NS3 binding to ssSRNA, the
R387 residue shifts from the “up” conformation to a “down” conformation. When
transitioning to the “down” conformation, R387 goes from binding the RNA phosphate
background residues P1 and P2 to binding P3 and P4, while the neighboring K388 motif
fills in for the R387 “up” position by binding P1 and P2. These two residues are highly
conserved in the NS3 SF2 helicase subfamily, with K388 more solvent exposed than
R387, allowing for its fluctuation around the phosphate groups of the RNA. Further, these
molecular dynamic simulations suggested that the NS3-mediated NTP binding and
hydrolysis power the R387 shift from “up” to “down” position, and thereby power
translocation along viral RNA [25]. Supporting this hypothesis, Lam et al. found that the
cognate residue in HCV NS3 (R393), when mutated, resulted in abrogation of nucleic
binding, translocation, and unwinding functions [30]. For ZIKV, the ssRNA-bound NS3
structure also shows R387 in the “down” conformation [29]. Additionally, mutation of WNV

NS3 R387 to methionine resulted in completely abrogated replication of a WNV replicon.
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A mechanistic look into this defect found that RNA binding and RNA unwinding were
reduced by the R387M mutation [28]. Therefore, this “arginine fork” likely plays an
important role in the helicase function of the NS3 protein.

In addition to RNA binding, several studies have shown that NS3 directly binds to the
viral RNA-dependent RNA polymerase NS5, and that this interaction modulates the
enzymatic activities of both proteins. As early as 1995, Kapoor et al. reported the
interaction of DENV NS3 and NS5 by co-immunoprecipitation (co-IP) and
immunofluorescence (IF) studies in DENV-infected cells. Moreover, DENV NS3 only
bound to NS5 purified from cytoplasmic extracts, as NS3 does not localize to the nucleus,
although NS5 does [32]. Further, in 2008, Chen et al. found that after UV-crosslinking,
both JEV NS3 and NS5, likely within a protein complex, immunoprecipitated with the plus-
strand 3’ noncoding region of the JEV ssRNA genome [33].

Moreover, studies have shown that the interaction between NS3 and NS5 stimulates
the enzymatic activity of NS3. Zou et al. found that mutation of DENV NS5 K330 to an
alanine residue resulted in completely abrogated DENV replication by plague assay and
IF of a GFP virus, but only mildly reduced RNA-dependent RNA polymerase activity (by
20%) and ZIKV RNA production. Interestingly, revertant virus analysis over passaging
revealed that an NS5 G840R compensatory mutation rescued the replication defect of
the K330A virus. This phenotype was subsequently linked the restored ability of NS5 to
bind to both the full-length NS3 protein and the NS3 helicase domain alone [34]. This data
suggested that the K330A virus was defective in NS3-NS5 binding, supporting previous
results that predicted that the NS5 residues 320-368 are responsible for mediating the

DENV NS5 interaction with the NS3 helicase domain [35].

12



As far as the region of NS3 required for NS5 binding, Tay et al. showed by competitive
NS3-NS5 ELISA that the C-terminal region of NS3, specifically residues 566-585, is
important for NS5 binding, since a peptide encoding this region disrupted the DENV
NS3:NS5 interaction. Moreover, a peptide encoding the region 566-585 containing a
N570A mutation could no longer disrupt this interaction, suggesting that the N570 site of
DENV NS3 facilitates its interaction with NS5 [36]. The interaction between NS3 and NS5
can also facilitate NS3 enzymatic activity, as the unwinding activity of ZIKV NS3 was
enhanced by two-fold in the presence of ZIKV NS5 in vitro. Additionally, mutation of NS3
N569 and E573 to alanines reduced in vitro binding of bacterially-purified NS3 and NS5
binding by western blot [23]. In summary, these results suggest that the C-terminal region
of NS3 (566-585) — especially residues N569/N570 (ZIKV/DENV) and residue E573
(ZIKV) — facilitates the interaction with NS5, dependent on NS5 residue K330, and that
this interaction may enhance the enzymatic activity of both of these proteins [23].

Outside of its role in RNA replication, flavivirus NS3 also plays a role in RNA genome
encapsidation and virion assembly. During encapsidation, the capsid protein is cleaved
by NS2b3 on the cytosolic side of the RO, followed by an additional cleavage by host
signalase in the ER lumen. This coordinated cleavage has been shown to be essential
for proper virion assembly [37]. Additionally, flavivirus NS3 alone has been implicated in
virion assembly, as mutations in the NS3 protein result in poor production of functional
viral particles. For example, Patkar et al. (2008) showed that a single mutation in the YFV
NS3 helicase domain reduced virus production [38]. Moreover, Gebhard et al. identified
a novel proline-rich N-terminal unstructured region of DENV NS3 that contains several

amino acid residues involved in infectious particle formation [39]. It has also been
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hypothesized that the NS3 helicase domain interacts with the bonafide packaging protein
NS2A, since an assembly-defective YFV virus, harboring a mutation in NS2A, was
rescued by a compensatory mutation in NS3 [40].

While NS3 plays myriad roles in the replication cycle of flaviviruses, it also has several
functions that alter host pathways during infection. For example, DENV NS3 has been
shown to stimulate fatty acid biosynthesis at sites of viral replication. As part of an RNAI
screen for DENV host factors, Heaton et al. discovered that fatty acid synthase (FASN)
is required for DENV replication. Further, DENV NS3 was found to bind to FASN and
stimulate fatty acid biosynthesis, likely to increase the surface area of remodeled
membranous structures that form the RO at the ER [14].

Additionally, flavivirus NS3 has been shown to manipulate the host innate immune
response to viral infection. Early defense against viral pathogens is exerted by the innate
immune system, which is comprised of pattern-recognition receptors (PRRs) that serve
to detect conserved features of invading pathogens, universally called pathogen-
associated molecular patterns (PAMPs). While many different PRRs exist in mammalian
species, they all serve to activate transcription of type | IFNs (e.g., IFN-a subtypes and
IFN-B) and other antiviral genes, whose transcription is mediated by IFN-regulatory
factors (IRFs). IFN-a/f secreted from the infected cell binds to the IFNo/f receptor
(IFNAR) on either the same cell or neighboring uninfected cells, thereby mediating
autocrine and paracrine antiviral effects [41]. Activation of IFNAR induces a second
transcriptional cascade that is mediated by signal transducer and activator of transcription
factor 1 and 2 (STAT1 and STATZ2) and results in the upregulation of many antiviral

factors, generally known as IFN-stimulated genes (ISGs). In terms of RNA virus detection,
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the RIG-I-like (RLR) sensors, with the primary members being RIG-I and MDAS5, play a
major role in detecting viral RNA in the cytoplasm [42]. Upon activation by viral RNA, RIG-
| and MDAS translocate from the cytosol to mitochondria and mitochondria-associated
membranes where they interact with mitochondrial antiviral signaling (MAVS) protein,
causing it to form large protein ‘filaments’, which then signal further downstream to
ultimately trigger transcription of IFNs and other cytokines as well as ISGs [43]. This
cytosol to mitochondria translocation of RIG-I and MDAS is mediated by host chaperone
proteins 14-3-3¢ and 14-3-3n, respectively [44, 45]. Recent work showed that ZIKV is
able to counteract RIG-I- and MDA5-mediated innate immunity by disrupting the
interactions of both RLRs with their respective scaffold proteins, 14-3-3¢ and 14-3-3n [44-
47]. Knockdown of 14-3-3¢ and 14-3-3n in SVGA cells strongly diminished ZIKV-induced
antiviral gene expression to levels consistent with RIG-I1 or MDA5 silencing. Conversely,
ectopic expression of 14-3-3¢ or 14-3-3n reduced ZIKV replication, suggesting that these
two scaffolding proteins restrict ZIKV infection by participating in the RLR-mediated IFN
induction pathway. ZIKV NS3 was shown to competitively bind to 14-3-3¢ via a
phosphomimetic motif, in which the conserved cellular 14-3-3 binding domain
Rxx(pS/pT)xP (where X' indicates any residue and 'pS/pT' indicates a phosphorylated
serine or threonine residue) is mimicked by the presence of a phosphomimetic 64-RLDP-
67 motif in NS3, resulting in inhibition of 14-3-3e-mediated cytosol-to-mitochondria
translocation of RIG-I [46]. ZIKV NS3 was also shown to bind 14-3-3n via its
phosphomimetic motif and to inhibit the relocalization of MDAS5 from the cytosol to
mitochondria, and subsequent antiviral signaling. Infection with a recombinant ZIKV

harboring a mutated 14-3-3-binding motif (64-RLDP-67 - 64-KIKP-67) enhanced
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cytokine and ISG induction and reduced viral replication compared to its WT counterpart,
supporting the importance of RLR/14-3-3 inhibition for IFN antagonism during ZIKV
infection [46]. The evasion of RIG-I sensing by competitive binding of NS3 to 14-3-3¢ is
also conserved in DENV and WNV [47].

1.1.3 Zika Virus (ZIKV) Epidemiology and Tropism

ZIKV is primarily spread through the Aedes species of mosquito, which thrives in
tropical climates. Since its discovery in 1947, ZIKV infection in humans has been
historically linked to sporadic cases of self-limiting symptoms such as fever, rash, and
conjunctivitis [48]. After a 2013 outbreak in French Polynesia, ZIKV infection was
associated with neurological complications in adults, including acute paralysis and the
Guillain—Barré syndrome [49]. Following the onset of a widespread 2015 epidemic in
South America, ZIKV was identified as a causative agent of severe birth defects, such as
microcephaly and cerebral calcifications, following in utero exposure to the virus [50-52].
While the increase in herd immunity over the past several years has reduced the number
of human ZIKV infections worldwide, ZIKV remains a public health threat, given its
potential for re-emergence [1].

ZIKV has a broad cell tropism in vitro, infecting human skin cells, such as dermal
fibroblasts and epidermal keratinocytes; human myeloid cells, such as dendritic cells
(DCs) and macrophages; and human progenitor cells of neuronal, placental, and
testicular origin [53]. In order to gain access into specific target cells, including human
microglia, astrocytes, and fetal endothelial cells, ZIKV is bound by Gas6, a ligand that
recognizes phosphatidylserine on the viral membrane, which subsequently binds to its

receptor Axl [6]. This bridging activity provided by Gas6 allows ZIKV to indirectly interact
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with Axl, facilitating entry into the cell [6, 7]. In in vivo settings, ZIKV has been detected in
the brain and spinal cord as well as in several cell types of both male and female
reproductive tissue [6, 7, 53, 54].

1.1.4 West Nile Virus (WNV) Epidemiology and Tropism

West Nile Virus (WNV) was first discovered in the West Nile district of Uganda in
1937, though it has since spread to many regions across the African continent, several
regions of Asia and Europe, and sporadically to the United States, Central America, and
Canada. In 1999, WNV was detected in New York City, resulting in the largest epidemic
of neuroinvasive WNV disease ever reported worldwide. The original detection of WNV
in the Western hemisphere was based on epidemiological evidence of several patients
presenting with meningoencephalitis and muscle weakness in the city. At the same time,
an enhanced number of deaths in birds were also observed [55].

WNV typically spreads to humans by the bite of an infected mosquito (largely of
the Culex family) after feeding on infected birds such as crows and jays. The Culex
species of mosquito thrives in cooler climates than do Aedes mosquitos, allowing for the
Northern spread of the virus to areas such as the USA and Canada. Humans, horses,
and other mammals are considered “dead-end” hosts, as the levels of WNV in the blood
do not reach high enough levels for transmission amongst mammalian hosts (by a
mosquito vector). Between humans, WNV is primarily spread by blood transfusion and
organ transplantation [56]. However, there have been some reports of spread through
breast feeding and transplacental transmission [55].

Most cases of WNV are associated with asymptomatic progression; however,

around 20% of infected human patients present with neurological complications, such as
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fever, headache, demyelination of peripheral nerves (Guillain-Barre syndrome), and
seizures. In 1-2% of these cases, severe neurological symptoms such as meningitis and
encephalitis can develop. Of the WNV cases with CNS involvement, about 10% are lethal
infections. In fatal WNV cases, autopsies confirm the diffuse inflammation of the brain
and spinal cord, resulting in extensive neuronal degeneration [55].

Tissue tropism of WNV in in vivo mouse models has found broad tropism for WNV
infection, in nearly all tested tissues, including heart, lung, kidney, pancreas, and more.
Moreover, the clinical presentation of lethal encephalitis caused by neuroinvasive WNV
in humans is mirrored in the WNV mouse model. However, spread to the liver, a hallmark
of flaviviruses such as DENV and YFV, has not been detected during WNV in vivo [57].
In vitro cell lines used to study WNV replication dynamics typically focus on neuronal cell
types [56].

1.1.5 Antiviral drugs and vaccines

In general, there are no specific, marketed antiviral drugs targeting mosquito-
transmitted flaviviruses for post-exposure patients, though several vaccination strategies
have been developed for the prevention of a few of these viruses.

The design and development of small molecule anti-flaviviral therapeutics have
focused largely on direct targeting of crucial enzymes of the flavivirus life cycle. While
inhibitors targeting several flavivirus proteins, such as the E protein and the C protein
have been developed, the two most attractive and widely targeted viral enzymes are NS3
(protease/helicase) and NS5 (polymerase) [58].

NS3 is a major target for anti-flaviviral drug design due to its essential function

within the viral lifecycle. In general, the conserved active site of the NS3 protease domain
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has been the main focus of drug design. However, there has been limited success in
these developments due to the shape of the active site and the permeability of the
required charged cleavage substrates. However, some progress has been made for a
few inhibitors that compete with substrates of the NS3 protease active site. The most
promising candidate is novobiocin, a previously-approved FDA drug that shows
significant inhibition of the ZIKV NS3 protease activity. On the other hand, non-
competitive inhibitors that allosterically inhibit the NS2b3 protease have also been
developed, and these have better permeability and inhibitory activities due to bypassing
the need for direct active site targeting. Despite these promising steps towards a flavivirus
NS3 inhibitor, effective compounds have only been tested in cell-based assays and must
be further investigated for their therapeutic potential in a human host, which relies on
factors such as cytotoxicity, cell permeability, and stability. Likewise, these inhibitors
harbor a high risk for adverse effects in humans due to the high structural similarity
between host and viral serine proteases [59].

In addition to targeting the NS3 protease, many drug development strategies have
focused on targeting the essential helicase role of NS3. Drugs that target the unwinding
activity of helicases typically act to (1) inhibit ATPase activity by blocking ATP binding
and/or hydrolysis, (2) prevent nucleic acid binding, or (3) block translocation of the
helicase along nucleic acid. However, the ATPase site of the NS3 helicase is highly
similar to those of host helicases, and compounds targeting this region would likely be
cytotoxic to the host [60]. Likewise, the lack of a clear mechanism and conserved
sequence for viral NS3-mediated RNA binding and unwinding has impeded drug

development efforts towards this end [59].
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In terms of the NS5 RNA-dependent RNA polymerase, the largest and most highly
conserved flavivirus enzyme, several RNA replication inhibitors have been characterized
using viral replicon systems in cell-based assays [60]. Most of these studies have focused
on the NS5 polymerase active site for drug targeting; however, like the NS3 protease
active site, this site has high similarity to host polymerases. Nevertheless, NS5
polymerase inhibitors have been shown to be therapeutic in human HCV infections [61]
as well as ZIKV infections in mice [62]. Moreover, virtual and in silico screening has
identified potential inhibitors of the ZIKV NS5 MTase domain [63] and allosteric inhibitors
of the DENV NS5 active site [58, 64].

Despite the long journey towards development of targeted antivirals, prevention of
flavivirus infection by vaccination has yielded a promising field of therapeutics. The most
successful of these are the YFV and JEV vaccines. The 17D vaccine is a live-attenuated
vaccine that has been marketed for the prevention of YFV since the 1930’s. The 17D
vaccine strain was obtained by serial passaging of the wild-type YFV Asibi strain in
chicken tissues, and this resultant vaccine strain stimulates a robust immune response in
humans without causing adverse effects. Currently, a single immunization can provide a
lifelong immune response. Likewise, the SA14-14-2 vaccine, marketed for prevention of
JEV infection, was also obtained by serial passages of the virulent JEV SA14 strain in
hamster kidney and chick embryo cells [65].

Additionally, DENV, which causes the majority of human pathogenesis out of all
mosquito-transmitted viruses, has one licensed, FDA-approved vaccine called
Dengvaxia, which is available in 11 countries where DENV infection is endemic.

Dengvaxia is a tetravalent, live-attenuated dengue vaccine that replaces several
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sequences of the YFV 17D vaccine strain with homologous sequences from the four
dengue virus serotypes. However, Dengvaxia is available only for patients aged 9-16 who
have laboratory-confirmed previous DENV infection and live in an area where DENV is
endemic. Some live-attenuated vaccines are currently in development for the prevention
of DENV infection, though these pose risks due to the potential of antibody-dependent
enhancement and virulence-restoring mutagenesis. Currently, TV003, a tetravalent
DENV vaccine shows significant antibody responses after a single dose in phase II
human clinical trials [66, 67]. Moreover, DENVax, a weakened DENV-2-based vaccine
that harbors recombinant prM and E proteins with features of the other three serotypes,
has also shown promise in clinical trials. A few additional inactivated, recombinant protein,
and DNA plasmid-based DENV vaccines are also currently in clinical trials [68].
Currently, there are no available WNV vaccines for human use, although several
WNYV vaccines have been licensed for veterinary use and a few WNV vaccine candidates
have shown promise in human clinical trials. For example, the ChimeriVax-WNO02
vaccine, a live-attenuated vaccine developed by Sanofi, encodes the WNV prM and
attenuated E protein in the backbone of the 17D YFV vaccine strain. This vaccine was
highly immunogenic in phase 1l clinical trials. Another live-attenuated vaccine developed
by the National Institute of Allergy and Infectious Diseases (NIAID) is based on
recombinant insertion of the WNV prM and E genes into the attenuated DENV vaccine
strain (DENV4A30) backbone. This vaccine candidate is currently in phase | clinical trials.
Finally, an inactivated WNV vaccine, a DNA plasmid-based vaccine, and a purified

recombinant WNV subunit vaccine are all in Phase | clinical trials [69].
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Akin to WNV, there are no ZIKV vaccines yet marketed for human use. However,
one inactivated ZIKV vaccine has been tested in preclinical studies and has completed
multiple phase 1 clinical trials. This vaccine was well-tolerated and elicited a robust
neutralizing antibody response in healthy adults. However, the lack of an ongoing
epidemic has slowed this vaccine’s progress to market. Additionally, two DNA-based
vaccines and an mRNA vaccine candidate are in preclinical trials [69].
1.2Post-translational Modifications (PTMs)

Post-translational modifications (PTMs) refer to the addition of a chemical, small
molecule, or even small protein, to an amino acid side chain of a translated protein.
Currently, more than 400 different types of PTMs have been identified, modulating a
multitude of downstream protein functions [70]. Due to recent advances in high resolution
mass spectrometry (MS) approaches, the molecular understanding of PTMs is continually
growing. Common chemical group modifications include phosphorylation (the most
highly-studied PTM), methylation, oxidation, and acetylation. On the other hand, small
molecule modifications can take the form of sugars, in the case of N-linked and O-linked
glycosylation, or lipids in the case of S-palmitoylation, myristoylation, and prenylation.
Finally, 1SGylation, SUMOylation, and ubiquitination are some representative PTMs
involving the addition of a small protein- ISG15, SUMO, and ubiquitin, respectively - to
the recipient amino acid side chain [70]. Generally, addition and reversible removal of
these side chain modifications are carried out by special classes of modifying enzymes —
or “PTMases”—that are specific to the type of modification. Each of these diverse PTMs
act to functionally modify a myriad of protein functions, thereby diversifying the functional

repertoire of the proteome. Some exemplary protein functions controlled by PTMs are
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signal transduction, gene expression, cell-cycle control, subcellular localization, and
protein-protein/protein-nucleic acid interactions, among many more [71].
1.2.1 PTMs of flavivirus proteins

Many viruses in the family Flaviviridae have been found to be post-translationally
modified by host enzymes, resulting in modulation of various viral protein activities. The
most highly studied flavivirus, HCV, has been extensively characterized as a PTMase
target. While some PTMs mediate antiviral restriction of HCV, such as host E6AP-
mediated ubiquitination of the HCV core protein, which results in its proteasomal
degradation and downstream restriction of viral replication [72], others function to promote
viral replication. For example, the host E3 ligase MARCHS8 was found to mediate K63-
linked ubiquitination of the HCV NS2 protein, mediating its binding to host budding factor
ESCRT, and thus successful envelopment of the HCV virion. Interestingly, silencing of
MARCHS also resulted in impaired DENV and ZIKV replication, though the mechanism
was not further investigated in the context of these viruses [73]. In addition to
ubiquitination of the HCV core protein, Abe et al. found that the host ISGylase HERC5
mediates the 1SGylation of HCV NS5a, a membrane-associated RNA binding protein,
promoting virus replication by downstream recruitment of the critical proviral host factor
cyclophilin A [74]. Moreover, the HCV NS2 protein, in addition to regulation by MARCHS8-
mediated ubiquitination, has also been found to be palmitoylated during overexpression
and also authentic HCV infection. Blocking this PTM reduced NS2-NS3 auto-processing
and downstream HCYV infection [75].

In addition to HCV, members of the mosquito-transmitted flaviviruses have also

been found to be regulated by host PTMases and their associated modifications. For
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example, ubiquitination of DENV NS1 was shown to prevent its interaction with NS4b,
preventing the formation of the replication complex [76]. Additionally, Hishiki et al. found
that depletion of ISG15 during DENV replication reduced viral particle release, suggesting
a role for this PTM in controlling the viral replication cycle. Interestingly, during
overexpression of ISG15 and candidate proteins NS3 and NS5, ISGylation of both
proteins was detected, although the endogenous ISGylation of these enzymes has not
yet been reported [77]. In addition to small protein modifications, DENV NS1 has also
been found to be post-translationally glycosylated. In fact, DENV NS1 glycosylation
enhanced the stability of its hexameric, secreted form and helped aid in immune evasion
by binding to complement proteins and mannose-binding lectin (MBL), preventing
neutralization by the lectin pathway of complement activation [78]. Interestingly,
glycosylation has also been shown to regulate WNV infection, although in a distinct
manner from DENV. Glycosylation of the WNV (Sarafend strain) E protein at site S154
was found to be required for successful viral replication, as mutating this site reduced
viral replication by plaque assay in multiple cell types [79].

Glycosylation has also been shown to regulate ZIKV replication. Lazear et al. found
that modern Asian strains of ZIKV, which are glycosylated at residues N154 and T156 of
the E protein, were more pathogenic in IFNAR” mice than the historical African lineage
strain. Further, mutating these Asian-strain specific glycosylation sites strikingly reduced
ZIKV pathogenicity in mice, and diminished the interaction of virions with cells expressing
DC-SIGN lectins [80]. In addition to glycosylation of the ZIKV E protein, K63-linked
polyubiquitination of the ZIKV E protein at K38 and K281 by the host E3 ligase TRIM7

has also been characterized as a proviral mechanism for enhancing viral attachment and
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entry. Interestingly, a portion of viral particles released from infected cells contained poly-
ubiquitinated E protein, which enhanced virus entry by mediating TIM1-receptor binding.
Moreover, recombinant ZIKV encoding E mutants that lacked the ubiquitinated site(s)
were attenuated in human cells and mice, and monoclonal antibodies targeting K63-
linked polyubiquitin reduced viremia in mice [81].

Nonstructural proteins of ZIKV have also been suggested as targets for post-
translational regulation. In a screen of ISGs, PARP12 was identified as a ZIKV restriction
factor, and subsequently, overexpression of PARP12 was found to reduce the protein
abundance of ectopic ZIKV NS1 and NS3 by proteasomal degradation, mediated
specifically by its PARP domain. Since the PARP domain is known to be able to catalyze
poly-ADP-ribosylation (PAR) and ubiquitination, it was tested whether NS proteins of
ZIKV were subjected to these modifications when overexpressed along with PARP12. As
a result, ZIKV NS1 and NS3 were shown to be post-translationally PARylated when
cotransfected with PARP12. Additional overexpression of a K48-only ubiquitin mutant
showed enhanced ubiquitination of both NS1 and NS3 during PARP12 overexpression,
suggesting that PARP12-mediated PARylation enhances K48-linked ubiquitination and
subsequent degradation of NS1 and NS3 through the proteasome [82]. However, the
PARylation of these ZIKV proteins during authentic infection has not been tested.

1.2.2 Modulation of protein function by acetylation

Generally, lysine acetylation refers to the co- or post-translational transfer of an
acetyl group from the donor metabolite acetyl-CoA onto the positively-charged epsilon
amino group of a lysine residue. Addition of this acetyl group functionally neutralizes the

positive charge of a lysine residue, which can have many downstream functional
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consequences for the acetylated protein. Lysine acetylation is a tightly regulated and
enzymatically-reversible modification carried out by two families of host enzymes: lysine
acetyltransferases (KATs), which add the acetyl group onto lysines, and lysine
deacetylases (KDACs), which remove them. In the process of deacetylation, KDACs
utilize either water or nicotine adenine dinucleotide (NAD+) as a co-substrate for removal
of the acetyl group. Another enzyme family, called bromodomain-containing proteins, or
acetyl-lysine “readers”, are involved in binding to acetylated lysine residues, and are often
involved in the downstream functional consequences of lysine acetylation [83]. For
example, during lysine acetylation of histone tails, many transcription factors act as
‘readers” to bind the acetylated lysines and activate transcription of certain genes
(described in more detail below).

In general, a major way for identifying PTMs is through MS analysis, in which
proteins are trypsinized and their peptides are qualitatively analyzed in a mass
spectrometer. Within the mass spectrometer, tryptic peptides are ionized using either
electrospray ionization (ESI) or matrix-assisted laser desorption ionization (MALDI),
which work to transform biomolecules into charged ions. The ions then travel through a
mass analyzer, which can measure time of flight (TOF) or the rotation of the ions around
a central electrode (quadrapole), allowing ions be qualitatively-detected based on their
mass/charge (m/z) ratio [84]. In terms of acetylation, the addition of the acetyl group
imparts a 42 dalton addition and corresponding m/z shift compared to the nonacetylated
peptide, which leads to determination of an acetyl group within the peptide. Due to

relatively low levels and site occupancies of lysine acetylation, enrichment of such

26



peptides with anti-pan-acetyllysine antibodies prior to MS analysis have proven effective
in enhancing detection [85].

Once identified, functional consequences of acetylation are typically investigated
by mutating the acetyllysine site(s) to either arginine(s) or glutamine(s). This is because
an arginine residue is a positively-charged amino acid that cannot be acetylated, therefore
mimicking a “non-acetylated” lysine residue. On the other hand, glutamine, a neutrally-
charged amino acid with a similar structure to lysine, is used to mimic a “hyper-acetylated”
lysine residue [86].

Lysine acetylation is an evolutionarily conserved mechanism of regulation, with
this PTM being identified to regulate protein function in E.coli and Saccharomyces
cerevisiae. Moreover, KATs and KDACs are also highly conserved from these species
through to humans. Indeed, the number of identified acetylation sites increases with the
complexity of the organism. For example, 138 acetylation sites across 91 proteins have
been identified in E.coli, while an organ-wide analysis of rat tissues identified 15,474
acetylation sites across 4541 proteins [87]. The first analysis of the human acetylome,
which trypsin-digested whole cell lysates of MV4-11 human acute myeloid cells, found
3600 acetylation sites on 1750 proteins, although this initial study lacked high resolution
MS tools available today [88]. A more recent study has identified 4,994 acetylated
peptides across 2206 acetylated proteins in human HeLa cells [89].

To mention, proteins can also be regulated by N-terminal acetylation, which utilizes
a separate class of PTMases, whereby an acetyl group is donated to the backbone alpha-
amino group on the N terminus of proteins, however, this section will focus on only lysine

acetylation [83].
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1.2.2.1 Host lysine acetyltransferases and deacetylases

The exact number of lysine acetyltransferases is still disputed in the field; however,
13 KATs are considered “canonical” and fall into three families based on the structure
and transfer mechanism of their acetyltransferase domains: the GNAT, p300/CBP, and
MYST families. However, a slew of “noncanonical” KATs have been discovered, with
diverse and unique acetyltransferase activities. Moreover, a class of “putative” KATS,
which contain the structural features of an acetyltransferase domain, but do not yet have
identified substrates, have also been postulated [90]. Combined, this makes up a class
of 22 total human acetyltransferases, although it is likely that more will be discovered.

Nearly all of the canonical KATs localize to the nucleus where they acetylate both
histones and non-histone proteins. Most KATSs function in larger, multiprotein complexes
with many functional subunits that govern their catalytic activity and substrate specificity.
Unlike kinases, KATs do not have preferred consensus sequences that designate
substrate specificity, making the determination of the KAT responsible for a specific
acetylated substrate more difficult. Moreover, the substrate specificity of KATs for their
substrates relies more on substrate localization, interacting partners, and solvent-
exposed lysine residues. The apparent lack of sequence specificity of substrates may
allow for the reported redundant acetylation of a substrate by multiple acetyltransferases
[91].

Currently, 18 human-encoded KDACs have been identified, which can be further
divided into two classes: the Zn2+-dependent KDACs and the NAD+-dependent sirtuins.
The Zn2+-dependent KDACs are considered “classical KDACs” due to their highly

conserved deacetylase domain, and this class is further subdivided based on the
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subcellular localization of the representative enzymes. Classical KDACs utilize water as
a co-substrate for the removal of the acetyl group from acetylated substrates, producing
acetate as a byproduct. On the other hand, sirtuins utilize NAD+ as a co-substrate,
producing 2’ or 3' O-acetyl-ADP-ribose as a by-product [83].
1.2.2.2 Histone Acetylation

Acetylation of lysine residues was first discovered in 1964, as a histone-specific
modification and subsequently as a mechanism of regulating gene expression at the
chromatin level [92]. In fact, KATs were originally termed histone acetyltransferases
(HATs), while KDACs were originally termed histone deacetylases (HDACs). All four
different histone proteins (H2A, H2B, H3, and H4) have been identified as acetylation
substrates by multiple HATs. Histones bind DNA to form nucleosomes, which assemble
into distinct chromatin structures that can be transcriptionally active or inactive. Histone
acetylation has been shown to play an important role in the assembly and folding of
chromatin, as well as in regulating the switch between inactive and active chromatin. At
the molecular level, histone acetylation destabilizes the DNA-histone interaction by
neutralizing the lysine side chains present in poly-lysine histone tails. This neutralization
weakens the ability of the histone tails to form salt bridges with the negatively-charged
phosphate backbone of DNA. Acetylation therefore leads to an open and lightly packed
chromatin structure, allowing transcription factors to access and bind DNA, recruit
RNAPs, and stimulate transcription. Therefore, in general, increased acetylation is
associated with enhanced transcriptional activity [93]. In addition to altering the density of

chromatin and therefore transcriptional activation, acetylation of histones is also highly
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important for recruiting bromodomain-containing proteins and transcription factors that
recognize and bind to acetylated lysine residues [83].
1.2.2.3 Acetylation of Cellular Proteins

Lysine acetylation regulates the function of a wide variety of cellular proteins and
enzymes. In general, lysine acetylation plays an important role in regulating metabolic
processes, considering its cofactor acetyl-coA (Ac-CoA) is a common metabolite that
provides the acetyl group to the citric acid cycle to be oxidized for energy production. Ac-
CoA is produced by the breakdown of carbohydrates through glycolysis and fatty acids
through p-oxidation. The breakdown of acetyl-CoA within the citric acid cycle is achieved
through oxidation of the acetyl group to carbon dioxide and water, producing 11 ATP
molecules and one GTP molecule per acetyl group. While non-enzymatic acetylation of
proteins can occur, this typically occurs in areas of high acetyl-CoA concentration, such
as the mitochondria. Substrates that are regulated by non-enzymatic acetylation tend to
be those that are highly controlled and affected by metabolic perturbations [83].

After the discovery of histone acetylation in 1964, the first non-histone cellular
substrates to be identified as lysine acetylation substrates were high-mobility group
(HMG) proteins and tubulin. In the 1990s, acetylation of the transcription factor and tumor
suppressor protein p53 was discovered, followed by the identification of the first
mammalian KATs and KDACs [91]. Lysine acetylation of non-histone substrates has now
been shown to regulate several major functional networks through manipulation of a

variety of protein functions (Fig 1.2).
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Fig 1.2. Lysine acetylation controls diverse cellular networks by regulating various
protein functions. Representative cellular networks that are composed of many protein
targets for post-translational lysine acetylation are depicted in purple. Lysine acetylation
can manipulate these cellular processes by modulating the representative protein
functions depicted in blue.

Moreover, dysregulation of these signaling networks has been shown to play a role
in some human diseases. For example, germline mutations in KATs CBP, p300, KAT6A,
and KAT6B result in disorders associated with developmental delays and intellectual
disabilities. Moreover, somatic mutations in CBP and p300 are frequently linked to

leukemia, due to their enzymatic roles in acetylation of tumor suppressor p53. Given their

role in human disease, several KAT inhibitors have been developed, including the
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CBP/p300-targeting molecule A485, which has anti-proliferative effects in tumor cell lines.
Moreover, inhibitors of KAT6A/B reduced tumor growth during lymphoma in mice [83].

While acetylation of protein substrates has a major role in regulation of various
protein functions, this section will focus on those related to the thesis work presented
herein, namely, regulation of cellular helicases and RNA-binding proteins by acetylation.
1.2.2.3.1 Acetylation of Cellular Helicases

Acetylation has been reported as a regulatory mechanism for controlling several
enzymatic activities of cellular DNA and RNA helicases. For example, the p300
acetyltransferase was found to acetylate the host Dna2 helicase, stimulating its 5-3'
endonuclease and helicase activities by enhancing the affinity for DNA substrates [94].
However, the basis for this enhanced DNA binding affinity was not investigated at the
molecular level. Moreover, WRN, a cellular DNA helicase with 3'-5' helicase and
exonuclease activity important for maintaining genomic stability in response to DNA
damage, represents another major helicase target for regulatory acetylation. In fact,
several studies have shown that acetylation of WRN regulates its translocation from the
nucleus to the nucleolus [95], stimulates certain catalytic activities (such as strand
displacement) [96], reduces other catalytic activities (such as exonuclease activity) [95],
and promotes its stability by inhibiting ubiquitination at acetyl-lysine sites [97]. On the
other hand, cellular RNA helicases DDX5 (p68), DDX17 (p72), and DDX3X have also
been found to be acetylated. Of these, p68/72 were the first RNA helicases to be reported
as acetylation targets. By MS analysis, multiple lysine sites encoded in these enzymes
were found to be acetylated during overexpression of p300. Moreover, mutation of some

of these acetyl-lysine sites in p68/72 to “non-acetylated” arginines increased their
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degradation, suggesting that acetylation may stabilize these proteins by acetylation of
lysines that would otherwise be targeted for degradative ubiquitination. However, other
acetyl-lysine to arginine mutations reduced the ability of p68/72 to stimulate transcription
of target genes by luciferase assay, suggesting that acetylation of certain lysine residues
stimulates the co-transactivational activity of these transcription factors [98]. The RNA
helicase DDX3X, a protein involved in the formation of stress granules, was also found to
be acetylated at multiple residues, blocking the maturation of stress granules (SGs) in
cells [99].

Moreover, the RNA sensor RIG-I, which encodes a DExD/H box helicase domain,

has been found to be regulated by acetylation [100, 101], described in the below section.

1.2.2.3.2 Acetylation and RNA binding

While the regulation of protein to DNA binding by acetylation is well-characterized
given its fundamental alternation of histone-DNA dynamics, functional examples of
acetylation regulating protein-RNA binding are less prevalent. However, several studies
have reported modulated RNA binding as a functional consequence of lysine acetylation.
For example, Gal et al. showed that SG formation could be regulated by acetylation. SGs
are ribonucleoprotein aggregates that form in response to oxidative or osmotic stress and
upon viral infection. Formation of SGs functions to store non-essential mMRNASs, shifting
translation towards transcripts required to survive stress. The G3BP1 GTPase is a major
protein component of SGs that binds to mRNAs to control SG dynamics. Interestingly,
Gal et al. found that G3BP1 was acetylated in its RNA binding domain at K376. Moreover,
they found that, during overexpression, HDACG6 could deacetylate G3BP1 at this residue,

while CBP (KAT3A) could enhance acetylation. RNA immunoprecipitation (RNA-IP)
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followed by qRT-PCR for the known G3BP1 RNA substrates c-myc and tau revealed that
overexpressed WT G3BP1 co-precipitated more c-myc and tau RNA than a G3BP1
K376Q mutant (mimicking hyper-acetylation), suggesting acetylation may govern the
ability of G3BP1 to bind its RNA substrates. Moreover, the RNA-dependent binding of
G3BP1 to another stress granule protein PABP1 was reduced in the K376Q mutant,
further supporting that acetylation of G3BP1 reduces its RNA binding affinity. Moreover,
less SGs were detected by IF during SG induction with sodium arsenate in knock-in
G3BP1 K376Q cells compared with WT cells. Likewise, treatment with a CBP
(KAT3A)/p300 (KAT3B) inhibitor, A-485, reduced G3BP1 acetylation and delayed the
disassembly of G3BP1 SGs. Finally, by proximity ligation assay (PLA), it was shown that
acetylated G3BP1 was primarily found outside of the stress granules, further supporting
that acetylation of G3BP1 reduces its interaction with RNA, and therefore, prompts the
disassembly of SGs [102]. This study provides a precedent for cytoplasmic acetylation
regulating the RNA binding dynamics of a cellular non-histone protein.

The same group also investigated the role of RNA binding regulation by acetylation
in a different context. In this study, they found that the “fused in sarcoma” (FUS) protein,
which is implicated in the development of amyotrophic lateral sclerosis (ALS), was
acetylated within its RNA recognition motif at residues K315/316. This acetylation was
subsequently shown to reduce the capacity of FUS to bind to RNA and its RNA-dependent
protein binding partner PABP1. The functional consequence of mutating K315/316 to a
“hyper-acetylated” glutamine in the background of an ALS-associated mutation reduced

the number of ALS-associated cytoplasmic inclusions [103]. While this downstream
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consequence is not highly understood, this study furthered the principle of acetylation as
a mechanism to reduce protein-RNA interactions.

As mentioned earlier, the DExD/H box helicase-containing RIG-I protein is also
regulated by acetylation. During virus infection, binding of viral RNAs to the C-terminal
domain (CTD) and helicase domain of RIG-I leads to activation of the ATPase activity,
triggering a conformational change to expose the N-terminal CARD domains of RIG-I,
which function to interact with downstream signaling molecules that perpetuate the IFN
response. Choi et al. found that RIG-I is acetylated within its CTD at K858 and K909,
located next to the helicase domain, maintaining RIG-I in its inactive conformation. RIG-I
harboring hyper-acetylated mutations in these domains showed a complete abolishment
of RIG-I binding to tri-phosphate dsRNA, a well-characterized RNA ligand known to
activate RIG-I. Interestingly, upon HDAC6-mediated deacetylation of RIG-1 at K909, RIG-
| was able to bind viral RNA and to activate its downstream signaling cascade that elicits
IFN responses. As a result, HDAC6 was shown to be essential for protection of mice
against VSV infection, presumably through its ability to activate RIG-I-mediated sensing
and the downstream IFN pathway [100]. Moreover, the regulation of RIG-I by acetylation
was also found to control its ability to form homo-oligomers, a crucial step in activation of
the IFN pathway, as hyper-acetylated RIG-I mimics did not form these oligomers during
viral infection [101].
1.2.2.4 Viral protein regulation by acetylation

Many viral proteins have been identified as targets for acetylation, though
functional characterization of these sites is lacking for most viruses except the RNA

viruses influenza A virus (IAV) and human immunodeficiency virus (HIV). For example,
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the IAV nucleoprotein (NP), important for encapsidating the viral RNA genome, was found
to be acetylated at multiple sites during infection. Two of these acetylation sites had no
effect when mutated to arginine (non-acetylated), while mutation to glutamine (hyper-
acetylated) severely diminished or completely abrogated viral replication, suggesting
acetylation regulates viral replication in an antiviral manner. However, acetylation of NP
at another residue, K229, was shown to modulate viral particle release. Interestingly,
mutation of this acetyl site to both a hyper- and a non-acetylation mimic reduced viral
replication, suggesting that the regulation of acetylation at K229 is highly important to
achieve efficient viral replication [104]. Moreover, the histone acetyltransferases GCN5
(KAT2A) and PCAF (KAT2B) could acetylate IAV NP during overexpression in vitro at
additional lysine sites (K31 and K90), increasing or reducing polymerase activity during
replication, respectively. However, silencing of GCN5 (KAT2A)/PCAF (KAT2B) did not
change the acetylation levels of NP during infection [105].

In addition to the NP protein, the IAV PA polymerase subunit was found to be
acetylated, promoting its stability. In turn, HDAC6-mediated deacetylation resulted in PA
degradation and viral restriction [106]. Moreover, the NS1 protein of IAV (H1IN1), known
to robustly inhibit the IFN response during viral infection, was also found to be acetylated
at site K108. Here, a mutation mimicking ‘non-acetylation’ reduced NS1-mediated IFN
antagonism in a panel of overexpression-based assays, corresponding to abrogated
replication of a recombinant virus harboring this mutation [107].

The HIV Tat protein, which is essential for expression of the HIV proviral genome,
binds to the trans-activating response element (TAR), an RNA stem loop structure in the

provirus, and recruits the transcriptional elongation complex pTEFb, to begin expression
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of HIV RNA. Acetylation of Tat at K50 by the p300 (KAT3B) acetyltransferase results in
decreased binding of Tat to TAR. Simultaneously, acetylated K50 recruits PCAF
(KAT2B), which binds to acetylated Tat via its bromodomain. Binding to PCAF (KAT2B)
subsequently recruits RNA polymerase I, resulting in HIV gene transcription [108].

In terms of flaviviruses, lysine acetylation has not been identified as a major
regulatory mechanism prior to the work presented herein. However, the HCV NS3 protein
was identified to be N-terminally acetylated through MS analysis, although the functional
relevance of this modification is unknown [109]. Additionally, tubacin, a chemical inhibitor
of HDACG6’s deacetylase activity, was found to decrease viral RNA synthesis and
replication of JEV, although the mechanism for this viral restriction was not investigated
[110].

Moreover, viral helicase acetylation has not been extensively identified or studied
prior to the work presented herein. Two acetylation sites have been identified by MS in
the Middle East respiratory syndrome coronavirus (MERS-CoV) helicase, but the
functional relevance of this modification has not been tested [111]. Moreover, the human
papillomavirus (HPV) E2 protein, while not a helicase itself, is acetylated during infection,
which has downstream effects on HPV E1 helicase activity. The HPV E2 protein binds to
DNA in a sequence-specific manner and recruits the E1 DNA helicase for loading onto
the origin of replication of the viral DNA genome. Interestingly, K111 of E2 is acetylated
by p300 (KAT3B), and mutation of K111 to a non-acetylated arginine reduced E1-
mediated DNA replication at the step of duplex DNA unwinding in a replicon system. In
contrast, an HPV K11Q replicon was able to achieve replication similar to the wildtype

virus [112].
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1.2.3 The host lysine acetyltransferase 5 (KAT5)

Lysine acetyltransferase 5 (KAT5) was originally identified as a single 60 kDa
protein that co-purified with the HIV-1 Tat transactivator protein, and thereby was
originally named TAT interactive protein 60 (TIP60) [113]. However, subsequent
identification of four individual isoforms of KAT5 (described in detail in the next section)
has complicated the field of KAT5 functional research, as nearly every published study
focuses on only the characterization of the TIP60 isoform, also known as “KAT5a". In this
thesis, the individual isoform (if known) will be designated, otherwise “KAT5” will be used
to designate all four isoforms, especially in the context of KAT5 gene
knockdown/knockout, in which all isoforms are targeted. All KAT5 isoforms encode a
MYST domain, which imparts HAT activity; an acetyl-CoA binding domain, which
transfers the acetyl group; and a chromodomain, which mediates DNA binding to target
promoters [114]. Interestingly, despite its initial discovery as an HIV Tat-binding protein,
TIP60/KAT5a has not been found to directly acetylate Tat.
1.2.3.1 KAT5 and its cellular functions

Purified TIP60/KAT5a can acetylate free histones H4 and H2B in vitro [115].
Homozygous knockout of KATS is lethal in embryonic mice, suggesting the importance
of its role in development and differentiation [116]. KATS’s cellular roles are two-fold, as
it is both a histone acetyltransferase that activates transcription of various genes, as well
as a lysine acetyltransferase that directly modifies various cellular proteins [117]. In terms
of its transcriptional role, TIP60/KAT5a functions within a larger, multifunctional protein
complex, called the Nud4a complex, which is conserved from yeast to humans. This

complex acts as a coactivator of transcription of several highly important genes such as
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nuclear hormone receptors, p-catenin, NF-kB, MN-dependent superoxide dismutase, and
the c-myc oncoprotein [118].

Two major cellular targets of TIP60/KAT5a regulation by acetylation are p53 and
ataxia-telangiectasia-mutated kinase (ATM). Both of these protein targets are activated
in response to DNA damage. A DNA break is first sensed by host protein MRN, which
recruits ATM to phosphorylate H2AX, leading to the recruitment of DNA repair proteins
p53 and Chk2. Activation of the ATM kinase has been shown to be dependent on the
HAT activity of TIP60/KAT5a, which forms a complex with ATM. Once ATM is activated,
it recruits and activates p53, which can then induce cell cycle arrest through the induction
of cyclin-dependent kinase inhibitor p21, apoptosis through induction of Bcl2 members
like BAX and PUMA, or senescence through induction of pl6/Ink4a and the tumor
suppressor gene pl9/ARF. TIP60/KAT5a directly acetylates p53 at K120 to promote its
downstream pro-apoptotic and cell cycle arrest functions [119]. It has also been shown
that TIP60/KAT5a prevents proteasome-mediated degradation of p53 by antagonizing
the Mdm2 E3 ubiquitin ligase through direct binding. Further, TIP60/KAT5a has been
shown to directly acetylate histone 4 at the puma promoter, enhancing puma gene
expression [117].

In addition to direct acetylation of proteins involved in DNA damage repair,
TIP60/KAT5a has also been implicated in recruiting ribonucleotide reductase (RNR) and
nucleoside disphosphate kinase 3 (NME3) to sites of double stranded breaks (DSBs),
both of which function in the role of dNTP synthesis. KATS is likely recruited to the DSB
site by binding to methylated histone 3, specifically H3K36me3, mediated by its

chromodomain [120]. Moreover, TIP60/KAT5a has been shown to maintain genome
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integrity by acetylating Aurora B, which allows for successful chromosome alignment and
segregation during mitosis [121].

In normal cells, KAT5 is thought to function as a tumor suppressor because it
acetylates the major cell cycle regulator p53 to activate its cell cycle arrest/apoptotic
function. In turn, defects in KATS expression or function have been associated with the
progression of some cancers. For example, heterozygous KAT5*- mice showed
increased penetrance for Myc-induced lymphomagenesis [122] and KAT5 knockdown
has been shown to promote melanoma and glioblastoma migration and invasion [123,
124]. In human tissues, advanced stage colorectal cancer, gastric cancer, and breast
cancer have been associated with low expression of KAT5. However, in prostrate and
gastric cancers, KAT5 has been found to act as an oncogene. In prostate cancer, an
increase in nuclear KAT5 has been associated with prostate cancer severity [125]. This
phenomenon was further found to be associated with enhanced prostate cancer cell
proliferation during overexpression of TIP60/KAT5a through TIP60/KAT5a-mediated
acetylation of the androgen receptor (AR) [126].

KAT5 mutations have also been linked to Alzheimer’s disease (AD) progression,
largely through the APP-Fe65-KAT5 axis. Amyloid-f3 precursor protein (APP) is a widely-
expressed cell-surface protein that, when cleaved by p- and y-secretase, is secreted as
the extracellular amyloid-p peptide, known to aggregate and form plaques in the brain of
Alzheimer’s patients. Interestingly, the cytoplasmic tail left behind after cleavage, called
the APP intracellular domain (AICD), binds to the nuclear adaptor protein Fe65 and

TIP60/KAT5a, forming a ternary, transcriptionally-active complex called AFT [127].
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Aberrant AFT complex formation has been linked to AD pathogenesis due to the
downstream dysregulation of KAT5 neuronal target genes [128].
1.2.3.2 KAT5 isoforms: their domain structures, functions, and regulation.

The myriad cellular roles and associated disease states of KATS function have
been primarily characterized in the context of only one of four isoforms of KAT5, hereafter
called KAT5aq, the isoform that runs at 60 kDa and that led to the original “TIP60” naming
designation. Importantly, human cells encode four distinct isoforms of KAT5- the long (L),
a (“TIP60”), B (“PLIP”), and y isoforms- which can be visualized individually by Western
blot of human whole cell lysates. Compared to the prototypical KAT5a, the proteins
KAT5B and KAT5y lack a segment between the chromodomain and the zinc finger
domain, due to exclusion of exon 5, and KAT5L and KAT5y have an additional 33 aa
amino-terminal fragment due to inclusion of intron 1. While the genetic basis determining
the production of these isoforms has been determined — which involves the splicing or
inclusion of either the alternate intron 1 or exon 5 (or both) of the gene — the potentially
diverse functions of these isoforms are not well-characterized.

The second isoform of KATS that was identified after KAT5a was the 3 isoform.
This isoform was first identified as a cytosolic phospholipase A2 (cPLA2)-interacting
protein (PLIP). When compared to the sequence of KAT5a, KAT5p was found to lack the
exon 5 [129], resulting in a 53 kDa protein (“TIP53”). KAT5B was found to localize to the
nuclear/perinuclear region of cells as determined by IF during overexpression, potentially
recruiting cPLA2 from the cytoplasm to the nucleus during calcium influx, resulting in the

induction of cPLA2-mediated prostaglandin E2 (PGE2) and downstream apoptosis [129].
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The third isoform of KAT5, also called “KATS long (KAT5L)”, was identified through
examination of expressed KAT5 mRNAs. It was found that many transcripts still contained
intron 1, and that the KATS5 translation initiation codon lies within exon 1, suggesting that
this intron could be coded into a distinct isoform of KATS. Indeed, overexpression of a
plasmid construct encoding intron 1 resulted in a larger protein form of KAT5, which had
similar stability to KAT5a in a pulse-chase assay [130].

The fourth isoform of KAT5, KAT5y, has been predicted by the deposited genomic
sequence of the KAT5 gene and mRNA transcripts. However, experimental validation and
functional characterization of this isoform is greatly lacking.

Interestingly, an additional isoform of KATS, called TIP55, was identified in mice
and shown to be essential for organogenesis. This isoform is not a splice isoform, but
rather, a truncated version of KAT5a, encoding only a portion of exon 11 due to early
termination of the reading frame [131]. However, this isoform has not been identified in
humans.

In terms of the subcellular localization of the various KAT5 isoforms, results are
still unclear and may be cell-type specific. Furthermore, the reported localization for some
of these isoforms is derived from overexpression experiments; therefore, validation of
endogenous KATS isoform localization is largely lacking. In a study of the nuclear Nu4da
complex, of which KATS5 is a member, nuclear extracts ectopically expressing both KAT5a
and KAT5B co-immunoprecipitated with other nuclear members of the complex in an
indistinguishable manner, suggesting that both isoforms are part of a similar, if not
identical, nuclear complex [132]. However, Ran et al. showed that overexpression of

KAT5a resulted in only nuclear localization by IF in HeLa cells, while KAT5p had both
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nuclear and cytoplasmic distribution. The authors hypothesized this difference in
localization to the lack of exon 5 in KAT5p, since this proline-rich region may facilitate
nuclear protein-protein interactions and thereby retention in the nucleus [133]. However,
this has not been experimentally tested. To further add to the complexity of KAT5
localization, two putative nuclear localization signals (NLS) have been identified in
KAT5a: 184-PGRKRKS-191 and 295-RKGTISFFEIDGRKNKS-312 [134]. In a separate
study, mutation of the first of these putative NLS regions reduced the nuclear localization
of KAT5a during overexpression [135]. However, these sequences are conserved in all
four isoforms of KAT5, and would not therefore explain potential isoform-specific
subcellular localization [134].

The subcellular localization of KAT5L has been shown to be regulated by
phosphorylation of Y327. During overexpression, KAT5L (WT) localized to both the
nucleus and cytoplasm, while a phospho-deficient mutant KAT5L (Y327F) localized to
only the nucleus, reducing its interaction with cytoplasmic Fe65 [136]. In addition to
characterizing KAT5L in the cytoplasm, several other studies have identified cytoplasm-
specific functions of KAT5. Hass and Yankner found that APP, a binding partner of Fe65,
recruited overexpressed KAT5a to membrane compartments in cell culture. Further, they
found that KAT5a levels in the membrane fractions of mouse brains were higher in APP-
overexpressing transgenic mice compared with age-matched wild-type controls, though
membrane localization of KAT5a was also observed in wildtype mice, suggesting a
potential physiological role for KAT5 in membrane compartments. Interestingly, the
chemical inhibition of the CRM1 nuclear export protein leptomycin B reduced the ability

of membranous APP to interact with KAT5a, suggesting the nuclear export of KAT5a. is
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required for its APP interaction [134]. Moreover, Sliva et al. showed that a single,
undescribed isoform of KAT5 can interact with the interleukin-9 transmembrane receptor
at the plasma membrane during overexpression [137]. In general, most studies on the
localization of KAT5 rely on overexpression, and many more studies are required to
distinguish the sequence and/or protein-mediated differences governing the localization
of this protein and its isoforms.

Outside of the increasing complexity of distinct KAT5 isoforms and diverse
reported localization patterns, KATS activity has also been shown to be regulated by a
multitude of PTMs. Using precipitation with concanavalin A (conA), a lectin (carbohydrate
binding protein) that binds to glycoproteins and protein residues that have been modified
by N-glycosylation, Lee et al. found that endogenous KAT5-L (isoform 1) is N-
glycosylated at N324, mediating its interaction with binding partner FE65 as well as its
auto-acetylation activity. Interestingly, in confocal microscopy studies, overexpressed
KAT5a localized to the cytoplasm and nucleus, while the N324A mutant localized mainly
to the nucleus. Since N-glycosylation occurs in the ER, this result suggested that N-
glycosylation of N324 may promote KAT5 ER retention [138]. KAT5a has also been
shown to be SUMOylated at residues K430 and K451 by PIASy, which enhances the
downstream K120 acetylation of p53 [139].

Phosphorylation is also a major PTM regulating KAT5 function. Glycogen synthase
kinase-3 (GSK-3) [140], p38 MAP kinase [141], and CDK9 [142] have been found to
phosphorylate S86, Thr158, and S90 of KAT5a., respectively, activating its transcriptional
activity. Phosphorylation of KAT5a S86/S90 is required for downstream acetylation of p53

and histone 4 at the PUMA promoter, and thus the induction of apoptosis following DNA
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damage [142]. Phosphorylation of KAT5L (isoform 1) at Y327 by ABL1 kinase increases
the abundance of cytoplasmic KAT5 during overexpression, as a Y327F mutant was
exclusively localized to the nucleus. Interestingly, the Y327 residue also facilitates KAT5L
interaction with FE65, which is expressed in both the nucleus and cytoplasm [136].

KATS itself is also acetylated at four lysine residues — K104, K268, K282, and K327
— though this mechanism of post-translational regulation has only been studied in the
context of KAT5a. Auto-acetylation at K104 increases KAT5a’s HAT activity, and is
essential for subsequent acetylation of p53 in response to cellular stress [143]. KAT5a
K327 has been shown to be acetylated by p300 (KAT3B), enhancing its downstream
acetylation of the FOXP3 transcription factor [144]. Moreover, p300 (KAT3B) and CBP
(KAT3A) are responsible for acetylation of KAT5a at K282 and K268, in the context of the
KAT5-HIV Tat-CBP/p300 ternary complex, which stimulates poly-ubiquitination of KAT5
and subsequent proteasomal degradation [145]. Moreover, SIRT1 [146] and HDAC3
[114] have been shown to reduce KAT5a auto-acetylation, thereby reducing its HAT
activity and induction of apoptosis after DNA damage. In fact, HDAC3-mediated
deacetylation of KAT5a occurs at six lysine sites, mutation of which showed complete
abolishment of KAT5a auto-acetylation. Moreover, HDAC3 was shown to co-localize with
KAT5a in both the nucleus and cytoplasm, suggesting the potential for HDAC3-mediated
regulation of other differentially-localized KAT5 isoforms.

1.2.3.3 KAT5 and its role in viral infection

While KAT5 has not been shown to directly acetylate any viral protein, it has been
implicated in some viral infections, either by regulating antiviral gene expression,

acetylating histones of viral DNA, or acetylating antiviral cellular targets.

45



In terms of regulating gene expression, HIV-1 infection was shown to inhibit
KAT5a-mediated transcriptional activation of the mn-sod promoter, responsible for
expressing the antiviral Mn-SOD protein, which inhibits HIV-1 replication [147].
Additionally, the human t-lymphotropic virus 1 (HTLV-1) p30 protein, critical for HTLV-1
latency and immune evasion, was shown to bind to and recruit KAT5a to the myc-
responsive element for KAT-dependent transcriptional activation. This function is likely to
play a major role in the proviral transformation of T cells during HTLV-1 infection, as myc
is a well-established oncogene [148]. Further, KAT5a was found to negatively regulate
p73-mediated p21 Wafl/Cipl) expression, a cyclin dependent kinase inhibitor upstream of
p53, resulting in proviral G1 arrest during human cytomegalovirus (HCMV) infection. Later
in the replication cycle, the HCMV kinase pUL97 was found to be responsible for binding
to and targeting KAT5a for proteasomal degradation in order to inhibit KAT5a-mediated
G1 repression [149].

In regards to direct viral DNA acetylation, KAT5 has been shown to promote
latency of HIV by acetylating the H4 histone of the HIV provirus, recruiting Brd4 to inhibit
Tat-transactivation [150]. Moreover, KAT5-mediated repression of HPV replication occurs
through acetylation of histone H4 at the HPV promoter. In turn, HPV E6 was shown to
target KAT5a for proteasomal degradation in order to reduce KAT5-mediated acetylation
of the HPV genome [151].

Finally, KAT5 has been implicated in direct acetylation of downstream players in
the antiviral innate immune response. 1AV infection has been shown to upregulate total

KAT5 mRNA and KAT5a protein expression, resulting in a slight repression of IAV

replication. In accord, overexpression of KAT5a slightly enhanced the phosphorylated
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state of endogenous TBK1 and IRF3 during IAV infection. Interestingly, overexpressed
KAT5a was also found to co-localize with viral NP during infection [152], though direct
KAT5a-mediated acetylation of NP has not been reported.

In addition to KAT5a-mediated TBK1 and IRF3 phosphorylation during viral
infection, overexpression of KAT5a enhanced ISRE responses mediated by the
cytoplasmic DNA sensor cGAS and cytokine expression during HSV-1 infection [153].
Knockdown of KATS reduced cytokine expression during HSV-1 infection. This effect was
linked to reduced cGAMP synthesis induced by HSV-1 infection during KAT5 silencing.
Moreover, overexpressed KAT5a interacted with overexpressed cGAS and enhanced
cGAS acetylation. This acetylation was shown to slightly enhance cGAS binding to viral
DNA. In accord, transcription of cytokines in CRISPR knock-in mice encoding a
KAT5a phosphorylation-defective mutant was reduced in response to HSV, allowing for
enhanced viral replication. Interestingly, cGAShad previously been found to be kept in
an inactive state by acetylation, due to reduced DNA binding and sensing capability [154].
It is currently unclear whether the specific acetylation sites, the stimulus, or another factor

can explain this discrepancy between stimulatory or inhibitory acetylation of cGAS.

47



CHAPTER 2

ACETYLATION OF ZIKV NS3 AT K389 CONTROLS NS3’S RNA BINDING AND

UNWINDING ACTIVITIES AND REGULATES ZIKV REPLICATION

This chapter is adapted from: Serman, T.; Chiang, C.; Acharya, D.; Pandey, S.;
Muppala, S.; Liu, G.; Gack, M.U. Acetylation of the flavivirus NS3 helicase by KAT5y is

essential for virus replication. (Manuscript under review, 2022).

Attributions: TS performed and analyzed all experiments with the following exceptions:

CC performed and analyzed Figures 2.6E, 2.8B and C.
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2.1 Abstract

Successful replication of flaviviruses such as Zika virus (ZIKV) requires a highly
coordinated replication cycle involving various interactions with host enzymes. We show
herein that the NS3 protein of ZIKV is acetylated in human cells during protein
overexpression and authentic infection. The acetylated state of the ZIKV NS3, specifically
at residue K389 within its helicase domain, was found to regulate its RNA binding and
unwinding capacity. The dynamic regulation of the acetylated state of ZIKV NS3 was
required to achieve efficient viral replication in several cell types. Our study provides
molecular insight into host-mediated post-translational regulation of the ZIKV NS3 protein,

revealing a potential new therapeutic avenue for antiviral drug development.

2.2 Introduction

Flavivirus NS3 protein is a large, multi-functional protein that is highly conserved
between mosquito-transmitted flaviviruses and is essential for viral replication. NS3
contains an N-terminal serine protease domain, required for cleavage of the polyprotein
precursor and a C-terminal SF2-family helicase domain, required for unwinding dsRNA
intermediates during viral replication. The NS3 helicase domain also possesses
nucleoside triphosphatase (NTPase) and 5-RNA triphosphatase (RTPase) activities that
share an active site. These activities allow for ATP hydrolysis to power helicase unwinding
and removal of the y-phosphate on nascent tri-phosphorylated viral RNA (VRNA) prior to
capping by NS5, respectively [155].

During viral infection, the incoming positive-stranded genomic RNA is directly
translated into a single polyprotein. Proteolytic cleavage of the polyprotein by NS3
requires interaction with the hydrophobic core of its transmembrane cofactor NS2b,

49



which connects to NS3 by a flexible, soluble linker. This complex is often referred to
as “NS2b3” and can partake in self-cleavage during infection and in vitro [156]. The
NS2b3 protease complex is essential for flavivirus replication and virion assembly, as
inactivating mutations within the conserved catalytic triad of the NS3 protease domain
prevent production of viral RNA and infectious virions [157].

After viral entry, incoming VRNAs are trafficked to ER-membrane derived
replication organelles (ROs), where ZIKV NS proteins assemble to form the replication
complex (RC). During replication, NS3 remains bound to RO membranes via the integral
membrane domain of NS2b. Within the RC, NS3 serves as a central hub for mediating
replication, binding directly to the viral RNA-dependent RNA polymerase NS5 and
indirectly to ER-membrane modulatory nonstructural proteins NS2a, NS4a, and NS4b via
its NS2b cofactor [158]. Within the RC, NS5 generates negative strand RNA, which is
utilized as a template for synthesis of positive strand genomic RNA. The NS3 helicase is
involved in unwinding dsRNA intermediates during positive strand synthesis. In a
mutational study of DENV NS3 helicase domains, mutant viruses were not able to
replicate properly, indicating that NS3 helicase activity is essential for virus replication
[159]. Additionally, the enzymatic activities of ZIKV NS3 have been shown to be enhanced
by binding to NS5 [23]. Moreover, NS3 has also been implicated in innate immune
evasion, providing a competitive interaction between the antiviral signaling molecules
RIG-I and MDAGS with their respective 14-3-3 chaperone proteins [46, 47], as well as in
fatty acid metabolism, binding to and redistributing fatty acid synthase (FASN) to sites of

viral replication [14].
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Due to its important role in viral replication, NS3 is a major target for drug design.
Currently, all NS3 inhibitors in development are designed to target the NS2b3 protease.
Specifically, these inhibitors aim to compete with substrate binding or to disrupt the
NS2b-NS3 interaction. However, several factors make targeting this complex difficult,
including the shallow and largely solvent-exposed binding pocket and the dibasic
nature of native substrates, resulting in low permeability of peptide-mimetic inhibitors.
There are currently no drugs in clinical trials that target the NS3 helicase domain, as
high structural similarity of this domain to cellular helicases results in a lack of unique
targets [160]. Moreover, despite its myriad functions during the viral lifecycle, a
mechanism for regulation and coordination of these various activities has not been fully
elucidated. Understanding the host regulation of NS3 activity can potentially lead to
new drug development avenues.

2.3 Results

2.3.1 Identification of ZIKV NS3 PTMs by MS analysis

Since post-translational modifications (PTMs) are a major vehicle for diversifying
protein functions, we questioned whether the multifunctional roles of NS3 were regulated
by PTMs. As such, we tested whether ZIKV NS3 is post-translationally modified by host
enzymes using two parallel mass spectrometry (MS) approaches. ZIKV NS3 was
ectopically-expressed, affinity-purified, and subjected to SDS-PAGE separation,
alongside an additional ZIKV multi-functional NS protein, NS1, under exogenous
treatment with IFN- to mimic an infected state (Fig. 2.1A, B). In parallel, SVGA (human
fetal astrocyte) cells were infected with ZIKV, harvested at multiple time-points post-
infection, tandem mass tag (TMT)-labeled, fractionated, then immuno-enriched with anti-

pan-acetyllysine (anti-acK) antibodies to assess the viral acetylome during authentic
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infection by MS (Fig. 2.1C). In general, TMT labeling allows for samples from multiple
conditions (ie, time points) to be mixed prior to a single run on the Mass Spectrometer,

reducing run-to-run variance.
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Figure 2.1 Workflows for sample preparation for Mass Spectrometry (MS) analysis

of post-translational modifications of ZIKV proteins

(A) Schematic representation of the workflow for mass spectrometry (MS) analysis of
FLAG-tagged ZIKV NS3 affinity-purified from HEK293T cells that were transfected for
40 h to express this construct, with stimulation with IFN- for 8 h pre-harvest. Proteins
were pulled down using anti-FLAG agarose and run on an SDS-PAGE gel prior to
excision for MS analysis. FLAG-tagged ZIKV NS1 was used as a control (not shown).
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Figure 2.1 (continued) Workflows for sample preparation for Mass Spectrometry

(MS) analysis of post-translational modifications of ZIKV proteins

(B) Coomassie-stained SDS-PAGE gel showing the affinity-purified FLAG-tagged ZIKV
NS3 and NS1 (control) proteins used for the MS analysis that identified the six
acetylation sites in NS3. FLAG-tagged ZIKV NS1 and NS3 were purified as described
in (A). Lc, antibody light chain. Hc, antibody heavy chain. PD, pulldown. Asterisks
indicate NS3 and NS1 proteins.

(C) Schematic representation of the workflow for assessing global acetylome changes
during ZIKV infection by MS analysis. SVGA cells were mock treated or ZIKV infected
for 24 and 48 h, followed by lysis, trypsin digestion, TMT labeling, RPLC fractionation,
and immuno-enrichment with anti-pan-acetyl-lysine (anti-acK) antibodies. Immuno-
enriched fractions were subjected to MS analysis for detection of acetylated viral
proteins.

MS analysis of the affinity-purified ZIKV NS3 revealed post-translational
acetylation of six lysine residues spanning both domains of the protein (Fig. 2.2A).
Interestingly, five of the six acetylated lysines identified by overexpression of ZIKV NS3
were within the SF2-helicase domain of the ZIKV NS3 protein. Two of these five
acetylated lysines within the helicase domain, K389 and K431, were also identified by MS
during authentic infection (Fig. 2.2A (red)). The mass spectra revealing the post-
translational acetylation of K389 and K431 during ZIKV NS3 overexpression are
presented in Fig. 2.2B and C. Interestingly, analysis of a previously-characterized crystal
structure of the NS3 helicase revealed that both K389 and K431 are within the RNA
binding tunnel of the NS3 helicase domain (Fig 2.2D). Further, introduction of a K431A
mutation in ZIKV NS3 has been shown to reduce RNA binding by fluorescent polarization
and NS3 helicase activity by an in vitro unwinding assay [23]. Meanwhile, the K389 site
is near to the cognate R387 residue in DENV NS3 that has been predicted to bind the
RNA phosphate backbone by molecular dynamic simulations [25]. Moreover, mutation of

residues nearby the K389 site in WNV NS3 (R388) [28] and HCV NS3 (Y392/R393) [30]

have both been shown to reduce viral RNA binding and unwinding.
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Figure 2.2 Identification of ZIKV NS3 acetylation by Mass Spectrometry (MS)

analysis

(A) ZIKV NS3 domain organization and amino acid sequence. Black lysine residues (bold)
indicate the acetylated residues identified by MS analysis of purified FLAG-NS3. Red
lysine residues (bold) indicate acetylation sites identified by both MS approaches.

(B-C)Tandem mass spectra of the tryptic peptides acKsssTFETEFQK (B) and
RCLacK431PVILDGER (C) of affinity purified ZIKV NS3 by anti-FLAG pulldown (PD)
from HEK293T cells that were transiently transfected for 40 h with this plasmid. Mass
spectra identified acetylation at K389 and K431. b- and y-ion designations are shown.

(D)Ribbon representation of the crystal structure of ZIKV NS3 bound to a synthetic
ssRNA substrate (orange) (Protein Data Bank, accession no. 5GJB). K389 and K431
are indicated in red.

2.3.2 ZIKV NS3 undergoes robust acetylation at K389

To validate the results of the MS analysis, all six acetylated lysine residues were
mutated to arginine, a positively-charged residue that cannot be acetylated, and probed

for acetylation by Western blot (WB), revealing a near-complete loss of the acetylated
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signal (Fig. 2.3A). To confirm acetylation of ZIKV NS3 under native conditions, NS3 was
purified from ZIKV-infected SVGA cells and analyzed for acetylation by WB, revealing
robust ZIKV NS3 acetylation during authentic infection (Fig. 2.3B). ZIKV NS3 was also
found to be acetylated during infection of human lung epithelial (A549) and IFN-deficient
African green monkey (Vero) cells (Fig. 2.3C, D). Biochemical analysis of NS3 acetylation
over a time-course of infection revealed that NS3 acetylation increased over time, which

correlated with the increased expression of NS3 (Fig. 2.3E).
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Figure 2.3 Biochemical analysis of ZIKV NS3 acetylation.

(A) Acetylation of FLAG-tagged ZIKV NS3 WT or 6K->R mutant in HEK293T cells that
were transfected for 40 h to express these constructs, determined by anti-FLAG pull-
down (PD: anti-FLAG) and immunoblot (I1B) with anti-acK. Whole cell lysates (WCLS)
were probed by IB with anti-acK and anti-Actin (loading control).

(B-D) Acetylation of ZIKV NS3 in (B) SVGA, (C) A549, or (D) Vero cells that were infected
with ZIKV (strain BRA/2015, MOI 0.5) for 60 h, determined by immunoprecipitation
(IP) using anti-NS3(ZIKV) and IB with anti-acKk or anti-NS3. WCLs were
immunoblotted with the indicated antibodies

(E) Acetylation of ZIKV NS3 in SVGA cells that were infected with ZIKV (strain BRA/2015,
MOI 1) for the indicated times, determined as in (B).
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Interestingly, neither exogenous IFN-B treatment nor infection with SeV (also a
potent activator of the IFN response [161]) affected the acetylated state of ectopically-
expressed ZIKV NS3 as measured by WB (Fig. 2.4A, B), suggesting that acetylation is

not induced by IFN.
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Figure 2.4 Acetylation of NS3 is not enhanced by IFN-B stimulation or Sendai virus

(SeV) infection.

(A)Acetylation of FLAG-tagged ZIKV NS3 in transiently transfected HEK293T cells that
were stimulated with 1000 U/mL IFN- for 24 h or that remained untreated, determined
by anti-FLAG PD and immunoblot (IB) with anti-acK. Whole cell lysates (WCLs) were
probed by IB with anti-acK, and anti-Actin (loading control). WCLs were further
immunoblotted for endogenous RIG-I, which is an IFN-stimulated gene and thus
served as a control for effective IFN stimulation.

(B) Acetylation of FLAG-tagged ZIKV NS3 in transiently transfected HEK293T cells that
were infected with 100 HAU/mL SeV for 24 h or that remained untreated, determined
asin (A).

Single site mutational analysis of each of the acetyl-lysine residues identified by MS
to arginine (mimicking non-acetylated lysine) showed that only mutation of K389 markedly
reduced the acetylation signal of ZIKV NS3 during overexpression (Fig. 2.5A), suggesting

that this lysine residue is the major acetylation site in the NS3 protein. In turn, ZIKV NS3

was purified from infected SVGA cells and immunoblotted using a validated, custom-
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made acetyl-K389-NS3(ZIKV)-specific antibody (Fig 2.5B, C), revealing that K389 is

acetylated during native infection of a cell type physiologically relevant to ZIKV infection.
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Figure 2.5 ZIKV NS3 residue K389 is robustly acetylated during overexpression

and authentic viral infection.

(A) Acetylation of FLAG-tagged ZIKV NS3 WT and the indicated single K->R mutants in
transiently transfected HEK293T cells, determined by anti-FLAG pull-down (PD: anti-
FLAG) and immunoblot (IB) with anti-acK. WCLs were probed by IB with anti-acK and
anti-Actin (loading control).

(B) Acetylation of FLAG-tagged NS3 WT or K389R mutant in HEK293T cells that were
transfected for 40 h to express these constructs, determined by anti-FLAG PD and IB
with an acetyl-K389-NS3(ZIKV)-specific antibody. WCLs were probed with the
indicated antibodies.

(C) Acetylation of ZIKV NS3 in SVGA cells that were infected with ZIKV (strain BRA/2015,
MOI 0.5) for 60 h and assessed by IP with anti-NS3 and IB with an acetyl-K389-
NS3(ZIKV)-specific antibody. WCLs were probed by IB with anti-NS3 and anti-Actin.

2.3.3 Acetylation of ZIKV NS3 at K389 controls the RNA binding and unwinding
capacities of the helicase

Since residue K389 acts as a major site for acetylation of the NS3 protein, the
functional relevance of the acetylated state of this residue was investigated. Given the
crystal structure that positions K389 within the RNA binding groove of the helicase domain
[29] and the previous characterization of the RNA-binding ability of neighboring residues

in other flavivirus NS3 proteins [25, 28, 30], we hypothesized that K389 acetylation plays
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a role in RNA binding. As K389 is a positively charged residue that becomes neutralized
by acetylation, we hypothesized that acetylation of K389 would reduce its ability to bind
the negatively-charged backbone of ZIKV RNA. To directly test whether the RNA binding
capacity of NS3 was modulated by mutation of K389, a WT NS3 construct or those
encoding K389R, K389Q, or a previously-characterized RNA binding-deficient mutation,
D410A [23], were purified from human cells, incubated with a biotinylated ZIKV single-
stranded RNA substrate, pulled down by streptavidin-conjugated beads, and subjected
to SDS-PAGE and Western blot to measure the amount of NS3 protein bound to ZIKV
RNA (Fig. 2.6A). The result of this assay shows that the NS3 K389R protein can bind
RNA with a greater affinity than the WT NS3, while K389Q reduces the RNA binding
capacity, even more so than the previously-characterized RNA-binding-deficient D410A
mutant (Fig. 2.6B). Importantly, the purified NS3 used in this assay retained its acetylation
pattern after lysis and incubation in the RNA binding buffer, with reduced acetylation of
the K389R mutant compared with WT NS3 (Fig. 2.6C). These results suggest that
neutralization of the positive K389 residue through mutation to a glutamine (mimicking
hyper-acetylation) reduces the NS3 RNA binding capacity, while maintaining a positively
charged arginine residue at position 389 (mimicking non-acetylation) slightly enhances
the NS3 RNA binding capacity. To test the downstream effect of RNA binding modulation
by acetylation, HEK293T-purified NS3 WT or mutants were subjected to an in vitro
helicase assay using a dsRNA substrate, consisting of a fluorescent (Cy3)-labeled 5'-
RNA strand and its 3' quencher (BHQ2)-bound complement, in the presence of ATP (Fig.
2.6D). Interestingly, both non-acetylated (K389R) and hyper-acetylated (K389Q) NS3

mutants were deficient in this assay in their ability to unwind the dsRNA substrate
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compared to WT NS3 (Fig. 2.6E), suggesting that both too tight and abrogated RNA
binding reduce the RNA unwinding capacity of the NS3 helicase. Together, these results
suggest that regulation of NS3 acetylation at residue K389 is important for the RNA

binding and unwinding activities of the NS3 helicase domain.
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Figure 2.6 Mutation of NS3 K389 modulates the RNA binding and unwinding

capacity of the helicase domain.

(A) Schematic of the experimental approach to examine the in vitro RNA-binding capacity
of ZIKV NS3 WT and mutant proteins purified from transiently transfected HEK293T
cells. Synthetic ZIKV RNA substrate used in this assay comprises ZIKV 5'UTR, the
first 66 nucleotides of the Capsid protein (C66), and the ZIKV 3'UTR. See also
Methods.

(B) RNA-binding ability of ZIKV NS3 WT and indicated mutants purified from HEK293T
cells, determined by Streptavidin-pulldown (PD: SA) of biotinylated ZIKV RNA (Bio-
RNA (ZIKV)) and IB with anti-NS3(ZIKV). Input amounts of ZIKV NS3 WT and mutant
proteins were determined by IB with anti-NS3(ZIKV).

(C)Representative acetylation of purified FLAG-tagged ZIKV NS3 WT and mutants for
the experiment in (B), determined by anti-FLAG PD and IB with anti-acK and anti-
FLAG.
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Figure 2.6 (continued) Mutation of NS3 K389 modulates the RNA binding and

unwinding capacity of the helicase domain.

(D) Schematic representation of the molecular beacon helicase assay used to measure
real-time unwinding kinetics of a Cy3-labeled dsRNA bound to a BHQ (Quencher)-
labeled complement.

(E) In vitro RNA unwinding activity of ZIKV NS3 WT or mutants purified from HEK293T
cells, measured as depicted in (D). The fluorescent (F) signal was measured every
minute and is presented as (Ft-Fo)/Fo.

2.3.4 NS3 K389R/Q mutant recombinant viruses have attenuated replication capacities

To test the effect of NS3’s modulated RNA binding and unwinding capacity on viral
replication, recombinant ZIKV(K389R) and ZIKV(K389Q) were generated by reverse
genetics using a full-length infectious cDNA plasmid (ICD) [162]. These viral plasmids
were transfected into SVGA cells followed by assessment of viral titers by plaque assay.
Interestingly, in accord with the data from the in vitro helicase assay, both ZIKV K389
mutants were attenuated in replication compared to the parental virus (WT) as determined
by plague assay, with ZIKV(K389Q) being significantly more attenuated than
ZIKV(K389R) (Fig. 2.7A). These results were consistent when measuring viral RNA by
gRT-PCR for the ZIKV envelope (E) gene (Fig. 2.7B), suggesting the observed
attenuation in viral titer is due to attenuated viral RNA replication. Attenuation of the two
mutant viruses was also observed in two other cell types in which ZIKV NS3 is acetylated
during infection: A549 cells (Fig. 2.7C) and Vero cells (Fig. 2.7D). Interestingly, after three
consecutive passages in Vero cells, recombinant viruses harboring the K389R or K3898Q
mutations reverted back to ZIKV (WT), correlative with restored growth capacity (Fig.

2.7E).
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Figure 2.7 Regulation of the acetylated state of K389 in ZIKV NS3 is required for

successful viral replication

(A) Viral titers in the supernatant of SVGA cells transfected with infectious cDNA clones
of ZIKV(WT), ZIKV (K389R), or ZIKV (K389Q) (strain Paraiba_01/2015) for the
indicated times, determined by plaque assay and presented as PFU/mL. Limit of
detection: 102.

(B) gRT-PCR analysis of ZIKV E mRNA in SVGA cells transfected as in (A).

(C-D) Viral titers in the supernatant of A549 (C) and Vero (D) cells transfected as in (A).

(E) ZIKV titers across three passages at a fixed MOI (0.1) in Vero cells transfected with
infectious cDNA clones of ZIKV(WT), ZIKV(K389R), or ZIKV(K389Q) (strain
Paraiba_01/2015). Reversion of introduced mutations to the K389 codon was
confirmed after each passage by sequencing. Unpaired Student’s t test between
indicated sample groups. ns, not significant; *p < 0.05, **p < 0.01, **p < 0.001, **** p
< 0.0001.

The growth attenuation of both recombinant viruses, and the reversion back to
K389 over several passages, suggest that there is strong selective pressure for a lysine

residue at position K389. In all, these results suggest that ZIKV NS3 K389 is acetylated
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during infection likely in a regulatory manner, since both recombinant viruses (that mimic
hyper- and non-acetylated NS3 K389) conferred a growth defect. In other words, locking
the ZIKV NS3 K389 site in one regulatory state through mutation is deleterious for viral
replication, suggesting that acetylation of ZIKV NS3 K389 is a pro-viral, regulatory

mechanism through which the virus achieves efficient RNA replication.

2.3.5 Acetylation of ZIKV NS3 at K389 does not affect NS3’s protease activity, IFN
antagonism, or NS5 binding

To ensure that mutation of K389 did not abrogate other essential roles of NS3 that
may explain the attenuated viral replication phenotypes, we mutated K389 in an NS2b3
construct, which encodes the NS2b cofactor required for protease activity of the NS3
protein. As a control, we also used a protease enzymatically-inactive mutant NS2b3
(S135A), in which the serine of the catalytic triad is mutated to an uncharged alanine.
Plasmid constructs encoding NS2b3 K389R or NS3b3 K389Q did not show any change
in protease self-cleavage activity compared with WT NS2b3, while NS2b3 S135A was
unable to cleave itself as expected (Fig 2.8A). Moreover, GST-fused NS3 mutant proteins
encoding K389R or K389Q bound to FLAG-tagged NS5 as efficiently as WT NS3 by co-
immunoprecipitation (co-IP) (Fig. 2.8B). As NS3 is capable of inhibiting RIG-I-mediated
type | IFN induction by binding competitively to the RIG-I cofactor 14-3-3¢, the inhibition
of RIG-I-mediated IFN-B promoter activation by WT NS3 and the K389R/Q NS3 mutants
was tested by luciferase assay. In this assay, we used a construct expressing the
constitutively-active CARD signaling domains of RIG-I, referred to as “RIG-I-2C”. Both
NS3 mutants were able to inhibit RIG-I-2C-mediated stimulation of the IFN-3 promoter to

a similar degree as the WT NS3 construct (Fig. 2.8C). These results show that mutation
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of K389 did not affect other major activities of NS3 that may account for the observed

attenuation in viral replication.
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Figure 2.8 K389 mutation does not affect NS3’s protease, immunodulatory, or NS5-

binding abilities.

(A) Self-cleavage activity of FLAG-tagged ZIKV NS2b3 WT, its K389R and K389Q
mutants, or the catalytically-inactive S135A mutant (control), in transiently transfected
HEK293T cells, determined by anti-FLAG PD and IB with anti-FLAG. WCLs were
probed by IB with anti-Actin (loading control). Black arrows indicate full-length NS2b3
and its cleavage product.

(B) Binding of GST-fused ZIKV NS3 WT and mutants to FLAG-tagged ZIKV NS5 in
HEK293T cells that were transfected for 40 h with GST-NS3 (WT or mutants) together
with either empty vector or FLAG-NS5, determined by anti-GST PD and IB with anti-
FLAG and anti-GST. WCLs were probed by IB with anti-FLAG and anti-Actin (loading
control).

(C) IFN-B luciferase reporter activity in HEK293T cells that were transfected for 40 h with
an IFN-B luciferase reporter plasmid and RIG-I-2CARD (“RIG-I-2C”) together with
either vector control or the indicated GST-fused ZIKV NS3 proteins. Luciferase values
were normalized to values of co-transfected p-galactosidase activity and presented
relative to vector-transfected cells. WCLs were probed by IB with anti-GST (NS3) and
anti-Actin (loading control). One way ANOVA between indicated sample groups. *p <
0.05, **p < 0.01, **p < 0.001, **** p < 0.0001.

2.4 Discussion

Though the molecular mechanisms of flavivirus replication are highly

characterized, most studies have focused on determining the myriad functions of
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individual viral proteins. However, how these single viral proteins function as a unit, and
moreover, how their dynamic roles are regulated and coordinated, is less well-understood
in the field. Here, we questioned for the first time whether flavivirus NS3, specifically that
of ZIKV, is post-translationally regulated by the host. Our work found that six lysine
residues are acetylated during overexpression, and two of these residues are acetylated
during ZIKV infection. However, as the peptide coverage of NS3 captured by MS was
much lower during authentic infection than during NS3 overexpression, there may be
even more sites acetylated during infection that were not detected in our analysis.
Regardless, we found that one site, K389, located within the RNA-binding tunnel of the

NS3 helicase domain, functions as a major site of acetylation in ZIKV NS3.

The mutation of K389 to arginine (positively-charged, mimicking non-acetylation)
strikingly reduced the acetylation of the NS3 protein upon overexpression. This abrogated
acetylation ignites two hypotheses for how K389 can act as a “major” acetylated site. The
first hypothesis is that K389 acts as the most abundantly-acetylated lysine residue within
the pool of NS3 protein purified for acetyl-lysine analysis by biochemistry. In this case, a
mutation of K389 to glutamine (mimicking hyper-acetylation) would reduce the acetylated
signal similar to the K389R mutation, since both mutations remove the “acetylatable”
lysine residue at position 389 (Fig 2.9A). On the other hand, K389 may act as a priming
site, whereby its acetylation allows for the subsequent acetylation of one or more of the
remaining five lysine residues, either by recruiting the responsible acetyltransferase
enzyme(s) or by inducing a conformational change that exposes these additional lysine
residues to the acetyltransferase. In this case, a mutation of K389 to glutamine may

simulate this acetyltransferase recruitment/conformational change, thus maintaining or
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enhancing the native acetyl-lysine signal (Fig. 2.9B). While we have not specifically
experimentally assessed these two hypotheses, mutational analysis pointed towards
K389 serving more likely as a priming site, because the degree of acetylation of the NS3

K389Q mutant was similar to that of WT NS3 (Fig 2.6C).
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Hypothesis 2: K389 acts as a priming site,
whereby its acetylation allows for acetylation

Hypothesis 1: K389 is the most abundantly
of one or more of the other five lysine sites

acetylated site within the pool of NS3 protein
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Figure 2.9 Two hypotheses explaining how K389 may act as a major site for NS3

acetylation.
(A) Schematic depiction of the acetylated state of ZIKV NS3 if the K389 acts as the most
abundant site for acetylation, and how K389Q mutation would affect the overall

acetylation signal detected in biochemical assays.
(B) Schematic depiction of the acetylated state of ZIKV NS3 if the K389 acts as a priming
site for acetylation, and how K389Q mutation would affect the overall acetylation

signal detected in biochemical assays.
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While the current data point towards K389 likely serving as a priming site, more
investigation is required to distinguish between these possibilities. Furthermore, since
K431 has been previously shown to act as an RNA binding residue in the ZIKV NS3
helicase [23], it would be interesting to test if K389 is a priming site for K431. This could
be investigated by assessing the acetylation of an NS3(K389/K431only) construct, in
which the remaining four acetyl-lysine residues are mutated to arginine, compared to an
NS3(K389Q, K431lonly) construct. If the acetylation of the NS3(K43lonly, K389Q)
construct shows enhanced acetylation compared to the NS3(K389, K431only) construct,
this would suggest that K389 acts as a priming site for the K431 residue, as only this site
would be available for acetylation in the mutant background. Moreover, whether indirect
modulation of the K431 acetylated state may contribute to the phenotypes we observed

for RNA binding and unwinding is a subject for further research.

We show herein that acetylation is a negative regulator for NS3'’s helicase function.
Therefore, in order to significantly impact viral replication, it is likely that a relatively
abundant portion of NS3 is regulated by acetylation within the host cell. While assessing
the stoichiometry of the NS3 acetylation would be desirable and informative, this
determination is technically challenging given the low abundance of viral protein within an

infection setting.

Our data suggest that even though the post-translational acetylation of NS3 K389
acts to negatively regulate the RNA binding and unwinding activity of the viral helicase,
this PTM is ultimately proviral, as the capability for dynamic regulation of this site is
required for efficient viral replication. If the replication of ZIKV(K389R) was enhanced

compared with its ZIKV(WT) counterpart, this would have suggested that acetylation is a
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strictly antiviral mechanism, as the K389R mutation would prevent the antiviral addition
of an acetyl group. However, the attenuated replication of both the ZIKV(K389R) and
ZIKV(K389Q) viruses suggested that dynamic regulation of the acetylated state of ZIKV

NS3 K389 is required for successful viral replication (Fig. 2.7, Fig. 2.10).
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Figure 2.10 Recombinant ZIKV replication results suggesting proviral control of
ZIKV replication by NS3 acetylation.

Schematic depiction of K389 acetylation as a proviral mechanism mediating optimal virus
replication. This model is in line with our data showing both ZIKV(K389Q) and
ZIKV(K389R) are attenuated compared with ZIKV(WT), as both mutations disrupt the
ability to regulate the acetylated state of the K389 site.

Further, although our data support that ZIKV NS3 acetylation represents a proviral
mechanism by modulating the RNA binding and unwinding capacity of the NS3 protein, it
is unclear exactly the manner in which this regulation is achieved. For example, regulation

by acetylation may be a stoichiometric or spatiotemporal form of regulation. In the case
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of stoichiometric regulation, the NS3-specific acetyltransferase may acetylate only a
portion of the NS3 protein pool, while the remaining protein remains non-acetylated,
perhaps due to higher abundance of NS3 protein than acetyltransferase protein in the
infected cell. This would allow for a fraction of the total NS3 pool to bind to viral RNA,
while the remaining portion could perform other NS3 protein functions. Alternatively, the
NS3 protein may be acetylated in a spatiotemporal fashion during the viral replication
cycle, whereby the acetylation status is determined by the step of the viral lifecycle. In
this scenario, virus-induced changes in host cell dynamics may allow for re-localization
of the NS3-specific acetyltransferase at a certain step of the lifecycle, allowing for a
regulatory switch from RNA binding and unwinding towards other NS3 functions. While
these hypotheses are valid, mutation of K389 to Q or R did not influence NS3'’s protease,
immunomodulatory, and NS5 binding capabilities, suggesting that the acetylation state of
K389 in NS3 does not control these other functions of NS3. Therefore, the acetylation of
K389 is likely an incredibly dynamic process, with both an acetyltransferase and
deacetylase at play on the same NS3 molecule to manipulate its function. In this scenario,
the NS3 helicase is finely-tuned by acetylation to bind and unwind viral RNA within the
replication complex (Fig. 2.11). While deacetylation of total NS3 protein was not observed
during a time-course of infection (Fig. 2.3E), a dynamic acetylation and deacetylation of
NS3 during the replication cycle would be detected as a steady-state acetylation when
analyzing the NS3 protein pool in bulk. Despite the multiple ways in which NS3 acetylation
may be regulated during infection, our data supports that this PTM functions in a proviral

manner, and can therefore be targeted to reduce viral replication.
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Figure 2.11 Model for how acetylation serves as a dynamic, proviral regulatory
switch controlling the RNA binding and unwinding activity of the NS3 helicase.
Our data suggests that NS3 is regulated by acetylation (at K389) through a dynamic
regulatory switch, in which NS3 when acetylated releases replicated viral RNA, and when
deacetylated restarts the RNA binding and unwinding process.

2.5 Methods

Cell lines. HEK 293T (human embryonic kidney cells, female), Vero (African Green
monkey kidney epithelial, female) (ATCC), and A549 (human lung epithelial cells, male,
age 58) were purchased from American Type Culture Collection (ATCC) and cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco) supplemented with 10% (v/v) fetal
bovine serum (FBS, Gibco) and 1% (v/v) penicillin-streptomycin (Gibco). SVGA cells
(human fetal astrocyte, embryonic, sex unidentified) (provided by Ellen Cahir-McFarland;
Cambridge, MA [163]) were cultured in Minimum Essential Medium (Gibco)

supplemented with 10% (v/v) FBS and 1% (v/v) penicillin-streptomycin. All cell cultures
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were maintained at 37 °C in a humidified 5% CO2 incubator. Purchased cell lines were
authenticated by the respective vendor and were not validated further in our laboratory.

Cell lines obtained and validated by other groups were not further authenticated.

Viruses. Sendai virus (strain Cantell) was purchased from Charles River. ZIKV (strain
BRA/2015) [46, 164] was kindly provided by Michael Diamond (Washington University St.
Louis). The infectious cDNA clone (ICD) of ZIKV (strain Paraiba 2015) was kindly

provided by Alexander Pletnev (NIH) [162].

Plasmids and Reagents. ZIKV NS3 (strain H/PF/2013) was subcloned using as
templates a plasmid encoding GST-fused ZIKV NS3 [46] into the pcDNA3.1+ vector
together with an N-terminal FLAG-tag using the restriction sites Nhel and BamH1. FLAG-
tagged NS1 (strain H/PF/2013) and NS2b3 were kindly provided by Tom Hobman
(University of Alberta) [165]. Site-directed mutagenesis was performed using ‘Round-the-
Horn’ cloning. cDNA encoding ZIKV NS3 6K->R (K119R, K187R, K389R, K431R, K466R,
K530R) was purchased as a G-block from IDT and cloned into the pcDNA3.1+ vector
using Kpnl and Xhol restriction sites and Gibson assembly. GST-fused ZIKV NS3 (strain
BRA/2015) was described previously [46]. For luciferase assays, the IFN-B luciferase
reporter plasmid and [B-galactosidase-expressing plasmid (pGK-B-gal) have been
described previously [46]. The plasmid encoding GST-RIG-I-2CARD has been published
previously [161]. All constructs were validated by sequencing. Transfections were
performed using linear polyethylenimine (1 mg/mL solution in 20 mM Tris pH 6.8;
Polysciences), Lipofectamine and Plus reagent (Life Technologies), or Lipofectamine

2000 (Life Technologies) following the manufacturer’s instructions.

72



Anti-FLAG M2 agarose affinity gel (Sigma), magnetic A/G beads (Pierce) or agarose A/G
beads (Pierce) were used for respective pull down and immunoprecipitation assays.
Protease inhibitor cocktail (Sigma; #P2714) was added at a concentration of 1:50 to cell
lysates for all pull down and immunoprecipitation assays. Deacetylase inhibitor cocktail
(Santa Cruz; sc-362323) was diluted in media at a concentration of 1:200 and added to
cells 12 h pre-harvest and to cell lysis buffer at the same concentration for all biochemical
assays analyzing NS3 acetylation. Human IFN-B (Beta 1a, Mammalian Expressed) was

purchased from PBL Biomedical Laboratories.

Virus Propagation

ZIKV was propagated in Vero cells based on a protocol described in [166]. Briefly, 4xT175
flasks of Vero cells were seeded (1x10° cells/mL) and infected 24 h later with a small
amount (MOI=.001) of stock virus in 8 mL of ZIKV growth medium (DMEM, 10mM
HEPES, 1% NEAA, 1% penicillin-streptomycin, 1mM sodium pyruvate) for 2 h followed
by replacement with 8 mL ZIKV growth medium supplemented with 2% FBS (v/v).
Supernatants were harvested on 48 h and 72 h post-infection and aliquoted for storage
at -80°C. After freezing, ZIKV stocks were titered using a standard plaque assay
(described in detail below) on a confluent Vero cell layer.

Viral Infection Assays. Infection experiments were performed and processed as
described previously [166]. Briefly, Vero, A549, or SVGA cells were counted during
seeding and plated in triplicate. The next day, the MOI was calculated using the stock
titer and assuming double the seeding density. The viral stock was thawed at RT and the
corresponding amount of virus was resuspended in the final seeding volume of FBS-free

media. Cells were incubated with virus (ZIKV) in serum-free media for 2 h, followed by
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incubation in complete media until harvest at the indicated time points. For plaque assay,
100-250 pl of supernatant was removed and stored immediately at -80°C. For gRT-PCR
analysis, media was removed and cells were washed 1X with RT PBS and lysed
immediately in 350 ul GTC lysis buffer (Omega RNA Kit 1). For downstream biochemical
analysis, cells were washed 1X in cold PBS and harvested using a cell scraper in cold
PBS.

Viral Titrations. Plague assays were performed as described previously [46, 166].
Briefly, 20 ul of supernatants of infected cells were serially diluted in 180 pul serum-free
media and 100 ul was incubated on a confluent monolayer of Vero cells in 900 ul for 2 h,
followed by removal of infection media and addition of 1% (w/v) low melting agarose
(Lonza, #50101) mixed 1:1 with 2X MEM. Plaques were analyzed after 3-5 days by
removing the agar overlay and fixing cells with 2% PFA in PBS for 30 min at room
temperature, followed by staining with crystal violet in 20% (v/v) methanol. Plagues were
stained for 15min then washed 3 times with ddH20. Plaques were counted and reported
as PFU/mL, calculated as number of (plaques/well) x (dilution factor)/(infection volume).
Generation of recombinant Zika viruses. For the generation of recombinant viruses, a
ZIKV (strain Paraiba_01/2015) full-length infectious cDNA clone (ICD) was used, which
was kindly provided by the Alexander Pletnev (NIH). Cloning of the ZIKV ICD was carried
out by Kasl and EcoNL1 restriction digest of the parental plasmid followed by Gibson
Assembly-mediated insertion of the Geneblock (IDT) encoding K389R/Q mutations.
Cloned plasmids were transformed into the MC106 bacterial strain and propagated in
Luria broth at 30°C for 30 h, followed by DNA isolation. Clones were screened by

sequencing using a primer spanning the chimeric intron region of the ICD backbone (5'-
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TCCACAGCCGTCTCTGCTGAT-3’), where high homologous recombination rates occur.
Positive clones that had intact sequences across this region were subjected to full-length
sequencing using a Sanger sequencing primer library. Those with 100% sequence
identity to the parental ICD (excluding the K389 mutation) were used for viral replication
experiments.

Recombinant ZIKV infectious cDNA clone (ICD) assays. Viral replication assays using
the ICD clones were carried out by seeding cells in triplicate (1x10° cells/mL) in 12-well
plates. The next day, media was replaced with warm Opti-Mem and cells were transfected
with 300 ng of ICD plasmid using the Transit-LT1 transfection reagent (Mirus; MIR2304),
per manufacturer’s instructions. Eight hours post-transfection, media was removed and
replaced with Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco. Cell supernatants
were harvested at the indicated time points, and kept frozen at -80C until viral titering.
Cell Lysis and Co-immunoprecipitation. HEK293T, SVGA, Vero, or A549 cells were
lysed in Nonidet P-40 (NP-40) buffer (50 mM HEPES pH 7.4, 150 mM NacCl, 1% (v/v) NP-
40, 1 mM EDTA, 1:50 protease inhibitor cocktail (Sigma)) and then centrifuged at 21,000
x g for 20 min at 4°C. WCLs were taken post lysate clearance and the remainder was
used to perform GST or FLAG pull downs, immunoprecipitation, or co-
immunoprecipitation assays following protocols as previously described [161]. Briefly,
lysates were incubated with GST or FLAG beads for 4 h at 4°C, or incubated with specific
antibodies overnight at 4°C followed by pulled down with magnetic/agarose A/G beads
for 2 h at 4°C. Following pull-down or (co)immunoprecipitations, proteins were eluted from
beads either by heating samples in Laemmli SDS sample buffer at 95°C for 5 min. For

experiments in which FLAG-tagged NS3 was analyzed by IB with anti-acK, beads were
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or by incubated in 100 pg/mL FLAG peptide (Sigma; F3290) in TBS (10mM Tris HCL,

150mM NacCl, ph 7.4) for 1 h at 4°C.

Large-scale pull-down for ZIKV NS3 mass spectrometry analysis. To identify post-
translational modifications of ZIKV NS3, HEK293T (~12 x 107) cells were transfected with
20 pg of empty vector, FLAG-tagged ZIKV NS1 (strain H/PF/2013), or FLAG-tagged ZIKV
NS3 (strain H/PF/13) for 48 h. At 8 h pre-harvest, cells were treated with exogenous
recombinant IFN-B (1000 units/mL) to mimic an infected state. Post-harvest, cells were
lysed with 1% Nonidet P-40 buffer (50 mM HEPES pH 7.4, 150 mM NacCl, 1% (v/v) NP-
40, 1 mM EDTA, 1:50 protease inhibitor cocktail (Sigma), 1:100 phosphatase inhibitor
(Sigma), 1:200 deacetylase inhibitor cocktail (Santa Cruz)), clarified by centrifugation at
21,000 x g for 20 min at 4°C, and incubated with anti-FLAG M2 agarose beads at 4°C for
4 h. Pulldown samples were washed harshly with 1 M RIPA buffer (1 M NaCl, 1% (v/v)
NP-40, 1% (w/v) deoxycholic acid, 0.01% (w/v) SDS, 20 mM Tris (pH 8.0)) and resolved
by SDS-PAGE. The protein gel was subsequently stained with GelCode Blue Stain
Reagent (Thermo Fisher) for 1 h at room temperature, and destained with UltraPure water
for 4 h at room temperature. The band corresponding to the size of ZIKV NS3 was excised
and analyzed by ion-trap MS at the Harvard Taplin Biological Mass Spectrometry Facility,

Boston.

Large-scale sample preparation for MS analysis of viral acetylation analysis during
infection. SVGA cells (=1 x 108 were mock-treated or ZIKV-infected (MOI 1) in
duplicates for 24 h and 48 h. After infection, cells were harvested, washed, and lysed in
150 mM RIPA buffer (150 mM NacCl, 1% (v/v) NP-40, 1% (w/v) deoxycholic acid, 0.01%
(w/v) SDS, 20 mM Tris (pH 8.0)) containing 1:50 protease inhibitor (Sigma), 1:100

76



phosphatase inhibitor (Sigma), and 1:200 deacetylase inhibitor (Santa Cruz)) and then
bead beat with 1mm silicone beads three times for 40s, resting on ice for 1 min between
each burst. The lysate was cleared by centrifugation and the protein concentration
measured by BCA assay (Pierce). A 100 ng aliquot of each sample was mixed with fresh
urea acid buffer (8 M Urea, 0.1M triethylammonium bicarbonate (TEAB) (Thermo
Scientific; #90114), 5 mM DTT) and transferred onto a Microcon-10 kDa Centrifugal Filter
Unit (Millipore; #MRCPRTO010). The samples were processed using the previously-
described Filter Aided Sample Preparation (FASP) protocol [167]. Samples were
alkylated by the addition of 0.05M iodoacetamide in urea acid buffer and trypsinized on
the column overnight at 37°C in a wet chamber using 1:100 MS-grade trypsin (Pierce) in
TEAB. Peptides were collected in TEAB by centrifugation, precipitated with 0.5M NaCl,
and acidified to pH 3 with formic acid. Samples were subjected to TMT-labeling and anti-
acetyllysine enrichment using anti-acKk (CST; #9814) and anti-acetyllysine antibody
agarose (ImmuneChem; #ICP0388) at the Mass Spectrometry Core of the University of

lllinois at Chicago, followed by analysis of the viral acetylome.

Immunoblot Analysis and Antibodies Purified proteins or whole cell lysates were
resolved on 8.5% or 10% Tris-Glycine-SDS PAGE gels (pH8) and then transferred onto
a polyvinylidene difluoride (PVDF) membrane (Bio-Rad) for 1h using a Wet Transfer
Chamber (Bio-Rad). Membranes were blocked in 5% (w/v) non-fat dry milk in PBS-T
(0.05% (v/v) Tween-20 in PBS) for 1h at room temperature, followed by primary antibody
incubation O/N at 4C overnight. Following primary antibody incubation, blots were probed
with HRP-conjugated secondary antibody (7074S and 7076S; CST) for 1 h at room

temperature. Proteins were visualized using SuperSignal West Pico or Femto (Thermo
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Scientific) and imaged using either an ImageQuant LAS 4000 Chemiluminescent Image
Analyzer (General Electric) or Amersham ImageQuant 800 (Cytiva). Primary antibodies
used (at a 1:1000 dilution unless otherwise indicated) for immunoblot include: anti-FLAG
(1:2000; Sigma; #F1804), anti-GST (1:2000, Sigma; #G1160), anti-p-actin (1:5000,
GeneTex; #GTX629630), anti-AcK (Cell Signaling Technology; #9814), anti-ZIKV(NS3
K389) (Custom-made; this paper), anti-ZIKV NS3 (Custom-made; [46]), anti-ZIKV NS3
(GeneTex; #GTX133309), anti-RIG-I (Adipogen; AG-20B-000).

Generation of 5’UTR-C66-3’UTR ZIKV RNA. A GeneBlock (“Gblock”) encoding the
minimum T7 promoter 5 TAATACGACTCACTATAGG3’ and the 5’UTR, the first 66nt of
the capsid protein, and the 3'UTR of ZIKV was ordered from IDT. Upon receipt, the
GBlock was resuspended to 100ng/ul. Next, 5ng of the Gblock was PCR amplified using
High Fidelity PCR Master Mix with primers from IDT (Forward: 5'-
TAATACGACTCACTATAGGAGTTGTTGATCTGTGTG-3’; Reverse: 5-
AGACCCATGGATTTCCCCACACC-3’) using a 55'C annealing temperature and a 40 s
extension time. The PCR reaction was resolved on a 1% agarose gel by electrophoresis
and the 620 bp product was gel purified using an Omega BioTek Gel purification kit
(eluted in 30ul). The concentration of the PCR product was measured by nanodrop
(20ng/ pl) and .1ug of product was used in a 2.5 h in vitro transcription reaction at 37°C
using the Invitrogen MEGAScript kit. After IVT, the product was treated with Turbo DNase
for 15 min x 37°C. Next, the reaction was stopped by the addition of nuclease-free water
and lithium chloride (Invitrogen). The RNA was precipitated at -20°C for 1 hand the pellet
resuspended in 50 pl of nuclease-free water. An aliquot of the RNA (5ul) was immediately

heated at 85°C for 8 minutes to resolve secondary structures, then moved into an
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overnight 3' end biotinylation reaction (Pierce) at 16°C, while the remainder was frozen at
-80°C.

RNA pulldown assay. HEK293T cells (~1x107) were transfected with FLAG-NS3 WT or
mutants for 48 h, and treated with deacetylase inhibitor at 16 h pre-harvest. Cells were
lysed in NT2 buffer (50 mM Tris-HCI, pH 7.0, 150 mM NaCl, 1 mM MgClz, 0.05% [vol/vol]
NP-40, SUPERase:-In [Thermo Fisher], protease inhibitor, and deacetylase inhibitor).
30% of the lysate was pulled down using FLAG beads for 4 h to determine the acetylated
state of the purified NS3 proteins. The remaining lysate was incubated with 1 pmol of
biotinylated ZIKV RNA (described above) for 3 h, followed by pull-down with streptavidin
beads for 2 hours. Following pull-down, streptavidin beads were gently washed with NT2
buffer and resuspended in 2X Laemmli buffer for subsequent SDS-PAGE to determined

pull-downed FLAG-NS3 protein.

NS3 Helicase Assay. FLAG-tagged ZIKV NS3 WT and mutants, or FLAG-tagged ZIKV
NS3 WT co-transfected with increasing amounts of HA-tagged KAT5y, were affinity-
purified from ~1 x 108 transiently transfected HEK293T cells, and eluted with FLAG
peptide as described above. FLAG peptide was removed from the elution using a
Microcon centrifugal Ultracel filter with a 30 kDa cutoff. Subsequently, purified FLAG-NS3
protein concentrations were determined by BCA assay (Pierce). Equal amounts (2.6 uM)
of NS3 WT or mutant proteins were incubated in a black 96-well plate (Nunc; #165305)
with 1 uM of annealed, complementary synthetic RNAs (generated by IDT) encoding a
fluorescent 5'-Cy3-label (with a 3' overhang to allow helicase loading) and a quenching
3'-BHQ2-label in the presence of 16.5 mM ATP (Abcam; #ab146525) in helicase reaction

buffer (20 mM Tris—HCI (pH 7.0), 10 mM NacCl, 0.1 mg/mL BSA, 5 mM MgCI2, 2 mM DTT)
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for 60 min. The release and subsequent fluorescence of the Cy3-labeled RNA substrate
was measured using a BioTek Syngery Neo2 Plate reader with settings Ex 540nm and
Em 579nm. Unwinding activity was calculated by subtracting the baseline reading at time
= 0 (Fo) from each time point reading (Ft) and dividing by Fo. The RNA sequences used
were: ZIKV Cy3-RNA (5'-Cy3-
GCGUCUUUACGGUGCUUAAAACAAAACAAAACAAAACAAAA-Z, 5'-
AGCACCGUAAAGACGC-3'-BHQ2). Annealing of the synthetic RNA strands for the
Molecular Beacon Assay was carried out by mixing 100 uM of each fragment in 5X
annealing buffer (50 mM Tris (pH 7.5), 250 mM NaCl, 5 mM EDTA) at 95°C for 5 min and

cooling down slowly to RT.

RNA purification and gRT-PCR. For viral transcript analyses and knockdown efficiency
determination, total cellular RNA was purified using an RNA extraction kit (OMEGA Bio-
Tek) per the manufacturer’s instructions. Equal amounts of RNA (25-500 ng) were used
in a one-step qRT-PCR reaction using the SuperScript Ill Platinum One-Step gRT-PCR
kit with ROX (Invitrogen) and commercially-available FAM reporter dye primers (IDT) for
the analyzed transcripts. Gene expression was normalized to that of house-keeping gene
18S (for SVGA cells). The comparative CT method (AACT) was used to measure the
transcript levels of each target gene. ZIKV genomic RNA was analyzed using a previously
described primer for ZIKV E: 5-CCACTAACGTTCTTTTGCAGACAT-3' (forward), 5'-
CCGCTGCCCAACACAAG-3' (reverse), 5'-/56-
FAM/AGCCTACCT/ZEN/TGACAAGCAATCAGACACTCAA/3IABKFQ/-3" (probe) (11).

All gRT-PCR reactions were performed using a 7500 FAST Real-time PCR machine
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(Applied Biosystems) or QuantStudio 6 Pro Real-Time PCR Machine (Applied

Biosystems).

Sequencing and determination of ZIKV revertants. Viral supernatants from Vero cells
transfected with ZIKV ICD WT or K389 mutants were harvested and half of the aliquot
was subjected to plaque assay to measure viral titer (P0O). The other half was used to
infect Vero cells at a fixed MOI (.001), and supernatants were harvested at 72h p.i (P1).
The P1 supernatants were used to infect P2 and P3. After 3 fixed-MOI passages, the
supernants were plaqued to determine titer as well as sequenced across the K389 site.
and processing with the Omega BioTek RNA Kit 1. The purified RNA was then reverse
transcribed using the SuperScript First-strand synthesis kit (Invitrogen) with gene-specific
primers covering the NS3 K389 region of the ZIKV genome. The resultant cDNA was
further amplified by PCR using the same primer set and subsequently Sanger-sequenced
to track the reversion.

Quantification and Statistical Analysis. All data were presented as means + SD and
analyzed using GraphPad Prism software (version 7). An unpaired two-tailed Student’s t-
test or one-way ANOVA (with Tukey’s HSD) (P < 0.05 was considered statistically
significant) was used as indicated in the legends. Pre-specified effect sizes were not
assumed and three biological replicates (n) for each condition were used within each
individual experiment. Data were reproduced in independent experiments as indicated in

the legends for each figure.
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CHAPTER 3
HUMAN KAY5y ACETYLATES ZIKV NS3 AND PROMOTES VIRUS REPLICATION

This chapter is adapted from: Serman, T.; Chiang, C.; Acharya, D.; Pandey, S.; Muppala,
S.; Liu, G.; Gack, M.U. Acetylation of the flavivirus NS3 helicase by KAT5y is essential for

virus replication. (Manuscript under review, 2022).

Attributions: TS performed and analyzed all experiments with the following exceptions:
SP performed and analyzed Figures 3.1D, 3.9C and D. GL performed and analyzed

Figures 3.4E-H. SM performed and analyzed Figures 3.4A and 3.7C. CC performed and

analyzed Figure 3.8E.
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3.1 Abstract

Lysine acetyltransferases are a class of enzymes that reversibly transfer an acetyl
group from the cofactor acetyl-CoA onto the e-amino group of a lysine residue within a
target protein. The addition of the acetyl group neutralizes the positive charge of the lysine
residue, and can have myriad downstream consequences for protein function. Herein, we
took an RNAIi approach to identify the host acetyltransferase responsible for lysine
acetylation of the ZIKV NS3 K389 residue. Our efforts discovered that KAT5y, a hitherto
uncharacterized, replication complex-localized isoform of the host lysine
acetyltransferase 5 (KAT5), is required for NS3 K389 acetylation and regulation of ZIKV

replication.

3.2Introduction

Since its discovery, TIP60/KAT5a has been shown to function in host cells within
a large multiprotein complex that acts largely as a transcriptional co-regulator at the
chromatin level by acetylating histones [168]. Additionally, TIP60/KAT5a plays an
important nuclear role within the DNA damage response, apoptosis, and cell cycle
regulation by acetylating diverse downstream protein substrates [169]. However, nearly
every study characterizing these KAT5 protein functions have focused on only one of its
four encoded isoforms, namely KAT5a, which localizes almost exclusively to the nucleus
[132, 170]. The remaining three splice isoforms of KAT5 — KAT5-Long (KAT5L), KATS5R,
and KAT5y — are less well studied [131, 133, 136]. While a few studies have characterized
the cytoplasmic and nuclear localization patterns of KAT5L and KAT5p isoforms [133,

136], KAT5y has only been characterized at the genomic level, as a distinct isoform that
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encodes an alternate intron (also encoded by KAT5L) but lacks the exon 5. Notably, these
two distinguishing features of the KAT5 isoforms have not been functionally
characterized.

In the previous chapter, we identified ZIKV NS3 K389 as a major site for post-
translational acetylation. The functional consequence of acetylation was tested using non-
acetylated and hyper-acetylated mimicking amino acids, arginine (R) and glutamine (Q),
respectively, introduced into the NS3 protein and recombinant virus context. Using this
mutational approach, we uncovered that acetylation modulates the RNA binding capacity
of the NS3 helicase domain, with the NS3 K389R mutant showing enhanced RNA binding
and the NS3 K389Q mutant showing reduced RNA binding compared with the WT NS3
protein. Moreover, we found that the downstream consequence of too tight or too weak
RNA binding was impairment of helicase unwinding activity, as both NS3 K389 mutants
showed reduced RNA unwinding abilities compared with the WT NS3 protein. Finally,
recombinant viruses ZIKV(K389R) and ZIKV(K389Q) were both attenuated compared
with the parental virus, suggesting that acetylation is a required regulatory mechanism
determining successful replication of the virus. While point mutations of the ZIKV NS3
K389 residue suggest that acetylation is important for these key functions of the viral
helicase, the assessment of viral replication during bonafide loss of K389 acetylation
would confirm the importance of this PTM for ZIKV replication.

3.3Results

3.3.1 Identification of human acetyltransferases that modulate ZIKV replication through
an RNAI screen

To determine the effect of reduced acetylation of the ZIKV NS3 protein during

replication, we first designed a candidate acetyltransferase screen to identify the
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acetyltransferase required for NS3 K389 acetylation. To this end, we selected a panel of
acetyltransferases previously identified as cellular candidates for modulating flavivirus
replication to test their effect on ZIKV replication during siRNA-mediated silencing. This
panel included KAT2A and KAT2B, the cofactors (TAF5, 6, and 12) of which were
identified as WNV antiviral factors in a genome-wide screen [171]; KAT3A and KAT3B,
the cofactor (CITED2) of which was identified as a WNV host susceptibility factor in a
genome-wide screen [172]; and KAT5, which was previously functionally validated as a
WNV antiviral factor in insect cells [171]. Given its structural similarity to KATS, KAT8 was
also included in this candidate screen [173]. Interestingly, three of the six screened
acetyltransferases — KAT3B, KAT5, and KAT8 — reduced viral replication by both gRT-
PCR (Fig. 3.1A) and plaque assay (Fig. 3.1B) when silenced (Fig. 3.1C), suggesting a
proviral role during ZIKV replication, akin to that of NS3 acetylation as determined by
recombinant virus experiments (Fig. 2.7). Since multiple proviral acetyltransferases were
identified in this candidate screen, we decided to expand our screen to include the full
panel of human acetyltransferases (28 total genes) to ensure that the NS3
acetyltransferase was not missed by our original, candidate approach. Therefore, we
silenced all 23 identified human acetyltransferases in addition to 5 putative
acetyltransferases, which have no vyet identified substrates but encode an
acetyltransferase domain, and assessed the effect of silencing on ZIKV replication by
gRT-PCR. Through this approach we found that 9 acetyltransferases (KAT 1, 3B, 5, 7, 8,
12, and GCN5I1, ELP4 and METTLS8), when silenced, significantly reduced ZIKV

replication (Fig. 3.1D).
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Figure 3.1 RNAI screen of human lysine acetyltransferases (KATS) for their effect
on ZIKV replication.
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Figure 3.1 (continued) RNAI screen of human lysine acetyltransferases (KATSs) for

their effect on ZIKV replication.

(A) gRT-PCR analysis of ZIKV E mRNA in A549 cells that were transfected for 16 h with
either non-targeting control siRNA (si.C) or siRNAs targeting the indicated human
acetyltransferases, and then infected with ZIKV (BRA/2015, MOI 0.001) for 48 h and
72 h, determined by gRT-PCR analysis

(B) Viral titers in the supernatant of A549 cells transfected as in (A) and then infected with
ZIKV (strain BRA/2015, MOI 0.001) for 72 h, determined by plaque assay and
presented as PFU/mL. Limit of detection: 102.

(C) Knockdown efficiency of the indicated genes in A549 cells that were transfected as in
(A), analyzed by qRT-PCR.

(D) gRT-PCR analysis of ZIKV E mRNA in A549 cells that were transfected for 30 h with
either non-targeting control siRNA (si.C) or siRNAs targeting the indicated human
acetyltransferases, and then infected for 48 h with ZIKV (BRA/2015, MOI 0.001).

Unpaired Student’s t test between indicated sample groups. ns, not significant; *p < 0.05,
*p < 0.01, **p < 0.001, **** p < 0.0001.

To confirm whether this proviral role was due to direct acetylation, an NS3 mutant
encoding the K389 site with the remaining five acetylated lysine residues mutated to
arginine, called “NS3(K3890only)”, was ectopically expressed in cells transfected with
individual siRNAs targeting each of the proviral candidate KATs and subsequently
assessed for acetylation by Western blot (WB). As a result, siRNA-mediated knockdown
of KAT5, but not the other proviral acetyltransferases, reduced acetylation of
NS3(K389only) compared to the non-targeting control siRNA (Fig. 3.2A). Additionally,
RNA was purified from an aliquot of these samples for validation of efficient gene silencing

(Fig. 3.2B).
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Figure 3.2 Screening proviral KAT candidates for their role in direct acetylation of
ZIKV NS3 at residue K389.
(A) Acetylation of FLAG-tagged ZIKV NS3(K389only) in HEK293T cells that were
transfected for 16 h with either si.C or siRNAs targeting the indicated genes and then
co-transfected with FLAG-NS3(K389only) for 30 h, assessed by PD with anti-FLAG
and IB with anti-acK.
(B) Knockdown efficiency for silenced genes determined in parallel in (B) by gRT-PCR.
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3.3.2 Acetylation of ZIKV NS3 at K389 and regulation of viral replication by host
enzyme KATS

In accord with the results of the screen, we also found that silencing of KAT5, but
not KAT3B, reduced the acetylation of WT ZIKV NS3 (Fig. 3.3A, B). Moreover, the
reduced acetylation signal observed with the anti-pan-acK antibody in the original screen
(Fig. 3.2A) was also reproduced using a custom-made acetyl-K389-NS3(ZIKV)-specific
antibody (Fig. 3.3C). Further, ectopically-expressed NS3 bound to endogenous KAT5,
but not to endogenous KAT3B (Fig 3.3D). Importantly, NS3 also co-immunoprecipitated
with endogenous KATS5 during authentic ZIKV infection of A549 cells (Fig 3.3E).
Combined, these results suggest that KAT5 is the direct acetyltransferase for NS3 K389

acetylation.
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Figure 3.3 KAT5 binds and acetylates ZIKV NS3.

(A) Acetylation of FLAG-tagged ZIKV NS3 in HEK293T cells that were transfected for 40
h with either si.C or siRNAs targeting KAT3B or KAT5, determined by anti-FLAG PD
and IB with anti-acK and anti-FLAG. WCLs were probed by IB with anti-FLAG and
anti-Actin (loading control).

(B) Representative knockdown efficiency of the indicated genes, determined by qRT-
PCR.

(C) Acetylation of FLAG-tagged ZIKV NS3(K389only) in HEK293T cells that were
transfected for 40 with si.C or siRNAs targeting KAT3B or KAT5, determined by anti-
FLAG PD and IB with an acetyl-K389-NS3(ZIKV)-specific antibody. WCLs were
probed by IB with the indicated antibodies.

(D) Binding of endogenous KAT5 or KAT3B (negative control) and ZIKV NS3 in HEK293T
cells that were transfected for 40 h with either empty vector or FLAG-NS3 (ZIKV),
determined by PD with anti-FLAG and IB with anti-KAT5 or anti-KAT3B.

(E) Binding of endogenous KAT5 and NS3 in A549 cells that were mock-treated or
infected with ZIKV (BRA/2015, MOI 1) for 48 h, assessed by IP with anti-NS3 and IB
with anti-KAT5. Asterisk denotes unspecific band.

To further assess the proviral role of KATS for ZIKV replication, KAT5 (all four
isoforms) was silenced in Vero cells and viral replication was assessed by plaque assay

(Fig. 3.4A), revealing a striking reduction in ZIKV replication. This reduction was also
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observed during KAT5 silencing in HMC3 (microglial) cells, by both gPCR and plaque

assay (Fig. 3.4B-D). Moreover, KATS5 silencing reduced ZIKV replication in A549 cells to

a similar or even greater extent than a previously-identified proviral host factor, TMEM41B

[174], by gPCR and plaque assay (Fig. 3.4E-H). In all, these results support that KATS is

a proviral factor for ZIKV replication in a variety of cell types.
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Figure 3.4 Knockdown of KAT5 reduces ZIKV replication in several different cell

types.
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Figure 3.4 (continued) Knockdown of KAT5 reduces ZIKV replication in several

different cell types.

(A) Upper: ZIKV replication in Vero cells that were transfected for 30 h with either si.C or
KAT5-specific SiRNA (si.KAT5) and then infected with ZIKV (BRA/2015, MOI 0.001)
for 48 h, determined by plaque assay. Lower: Representative knockdown efficiency of
endogenous KAT5, determined in the WCLs by IB with anti-KAT5 and anti-Actin
(loading control).

(B) ZIKV replication in HMC3 cells that were transfected for 30 h with either si.C or
si.KAT5 and then infected with ZIKV (BRA/2015, MOI 0.001) for the indicated times,
determined by plague assay and presented as PFU/mL. Limit of detection: 102.

(C) ZIKV E transcripts in HMC3 cells that were transfected as in (B), determined by gRT-
PCR.

(D) Representative knockdown efficiency of KAT5 in HMC3 cells transfected for 30 h with
si.C and si.KAT5, determined by qRT-PCR.

(E,F) ZIKV 5°UTR (E) or ZIKV E (F) transcripts in A549 cells that were transfected for 30
h with either si.C, si.KAT5, or TMEMA41B-specific siRNA (siTMEM41B) and then
either mock-treated or infected with ZIKV (BRA/2015, MOI 0.001) for the indicated
times, determined by qRT-PCR.

(G) ZIKV replication in A549 cells that were transfected as in (E,F) and infected with ZIKV
(BRA/2015, MOI 0.001) for 48 h, determined by plaque assay and presented as
PFU/mL. Limit of detection: 102

(H) Representative knockdown of the indicated genes for the experiments in (E-G).

Unpaired Student’s t test between indicated sample groups. *p < 0.05, **p < 0.01, ***p <
0.001, **** p < 0.0001.

In addition to siRNA-mediated silencing of KAT5, we also took a small molecule
inhibitor approach towards targeting of KAT5. Several small molecule inhibitors have
been characterized in the literature to bind to the catalytic or Ac-CoA pocket of KAT5 and
thereby reduce its acetyltransferase activity [175, 176]. One of these inhibitors, anacardic
acid, was found to strikingly reduce ZIKV virus replication at a 10uM concentration, which
did not reduce cell viability (Fig. 3.5A, B), suggesting that KAT5’s catalytic activity
contributes to ZIKV replication. However, given anacardic acid’s broad effects on several
cellular pathways, in addition to its inhibition of the enzymatic activities of other KATS, this

molecule was not further utilized in this study [176].
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Figure 3.5 Anacardic acid treatment restricts ZIKV replication.

(A)ZIKV replication measured by qRT-PCR of the ZIKV E gene in A549 cells that were
treated with increasing doses of anacardic acid for 2 h prior to infection with ZIKV
(BRA/2015, MOI 0.001) for 48 h. Cell viability was measured by luminescence after
incubation with Cell Titer Glo (See Methods).

(B)ZIKV replication measured by gRT-PCR in A549 cells that were treated with 10 uM
anacardic acid (or DMSO control) for 2 h prior to infection as in (A).

Unpaired Student’s t test between indicated sample groups. ns, not significant; **p < 0.01,
***x n < 0.0001.

3.3.3 A specific isoform of KAT5, KAT5y, controls ZIKV NS3 acetylation and viral
replication

Human endogenous KATS is transcribed as four unique isoforms: KAT5L, KAT5aq,
KAT5, and KAT5y [131, 177]. These four isoforms differ by the inclusion or splicing of
two encoded features: intron 1 and exon 5 (Fig. 3.6A). The differential splicing of these

isoforms produces four uniquely-sized proteins that can be distinguished WB (Fig. 3.6B).
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Figure 3.6 Schematic representation of the KAT5 gene organization and Western

blot of the four human KATS5 isoforms.

(A) Schematic representation of the KAT5 gene organization as well as strategy for
pairwise silencing of the four KAT5 splice isoforms in human cells. The antibody used
for KATS detection by IB detects a protein region conserved in all four isoforms.

(B) Representative WB showing the individual KATS5 isoforms (L, a, y and ) in HEK293T
cells, determined in the WCLs by IB with anti-KAT5. p-a indicates the phosphorylated
form of KAT5q..

Interestingly, when endogenous KAT5 was co-immunoprecipitated by FLAG-
tagged NS3 or NS3 purified from ZIKV-infected cells, only one band was detected by the
anti-pan-KATS antibody (Fig. 3.3D,E), which corresponded to the size of the KAT5y
isoform. To assess whether this specific isoform of KAT5 was responsible for acetylation
of ZIKV NS3 K389, and thus, modulation of viral replication, KAT5 isoforms were pair-
wised silenced using siRNAs targeting either (1) intron 1 (shared by KAT5L and KAT5y)
or (2) exon 5 (shared by KAT5L and KAT5a), in addition to the control siRNA that targets
a region conserved in all four isoforms (Fig. 3.6A). Using this approach, NS3 acetylation
was found to be reduced only under conditions of KATS5y silencing (during intron or
“KAT5(all)” silencing), while cells silenced for the two other isoforms, KAT5L and KAT5aq,

showed no change in NS3 acetylation compared to transfection of a non-targeting control
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siRNA (Fig. 3.7A). Likewise, ZIKV replication was only attenuated after silencing of
KAT5y by the intron-targeting or total KAT5-targeting siRNA (Fig. 3.7B). Although KATS5y
could only be silenced along with KATS5L (intron silencing), silencing of KAT5L along with
KAT5a (exon silencing) did not reduce NS3 acetylation nor attenuate viral replication,
suggesting that KAT5y is the specific isoform responsible for regulating NS3 acetylation
and subsequent ZIKV replication. To test the specificity of the proviral role of KAT5y
during ZIKV replication, replication of a positive sense RNA picornavirus (EMCV) and a
negative sense RNA rhabdovirus (VSV) were assessed during KAT5y silencing by plaque
assay, in parallel with assessing ZIKV replication in these cells. Silencing of KAT5y
reduced only ZIKV replication, but had no effect on EMCV or VSV replication (Fig. 3.7C),
suggesting that the proviral role of KAT5y is likely specific for ZIKV or, more generally,
flaviviruses (ie, mediated through acetylation of the flavivirus NS3 protein). Similar to total
KATS silencing, silencing of KAT5y (intron silencing) in SVGA cells reduced ZIKV
replication similar to the previously-characterized proviral factors TMEM41B andEMC2

[178] (Fig. 3.7D).
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Figure 3.7 KAT5y is required for ZIKV NS3 K389 acetylation and viral replication.

(A) Acetylation of FLAG-tagged ZIKV NS3(K389only) in HEK293T cells that were
transfected for 16 h with either si.C or siRNAs targeting the indicated KAT5 isoforms
and then co-transfected with FLAG-NS3 for 30 h, determined by PD with anti-FLAG
and IB with anti-acK. Knockdown of the individual KAT5 isoforms was confirmed in
the WCLs by IB with anti-KATS5 and anti-Actin (loading control).

(B) ZIKV E transcripts in A549 cells that were transfected for 16 h with the indicated
siRNAs and then infected with ZIKV (BRA/2015, MOI 0.001) for the indicated times,
determined by qRT-PCR. Representative knockdown efficiency of the individual KAT5
isoforms was determined in the WCLs by IB with anti-KATS5.

(C) EMCV, VSV and ZIKV titers in the supernatants from A549 cells that were transfected
for 30 h with either si.C or siRNA targeting the KATS intron (siKAT5L/y) and then
infected with EMCV (MOI 0.1) for 12 h, VSV (MOI 0.001) for 24 h, or ZIKV (BRA/2015,
MOI 0.001) for 48 h, determined by plaque assay and presented as PFU/mL.

(D) Frequency of ZIKV-positive A549 cells that were transfected with si.C or siRNAs
targeting EMC2, TMEM41B, or KAT5L/y and then infected for 48 h with ZIKV
(BRA/2015, MOI 0.05), determined by viral E protein staining and flow cytometric
analysis.

Unpaired Student’s t test between indicated sample groups. ns, not significant; *p < 0.05,
***p < 0.001, *** p < 0.0001.
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Conversely to KAT5y silencing, a KAT5y plasmid construct was designed by
introducing a silent mutation at Q37 (125-CAG-127-> 125-CAA-127) at the guanine splice
acceptor site of the KATS intron, preventing further splicing of KAT5y to KAT5p during
overexpression, as validated by Western blot (Fig. 3.8A). Using this construct, we found
that overexpression of KAT5y enhanced acetylation of ZIKV NS3(K389only) in a dose-
dependent fashion (Fig 3.8B). On the other hand, overexpression of a dominant-negative
KAT5y mutant (Q377E/G380E), previously characterized for its abrogated KAT activity
[179], reduced acetylation of NS3 at residue K389 (Fig. 3.8C). Moreover, expression of
this dominant-negative mutant construct abrogated ZIKV infection, measured by flow
cytometry, in a dose-dependent manner (Fig. 3.8D). Finally, ZIKV NS3-mediated RNA
unwinding was shown to be reduced during overexpression of WT KAT5y, in a dose-
dependent manner, corresponding to increased acetylation of the NS3 protein,

suggesting that acetylation directly modulates this key NS3 protein function (Fig. 3.8E).
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Figure 3.8 Ectopic expression KAT5y modulates ZIKV NS3 acetylation, ZIKV
replication, and RNA unwinding by NS3.

(A) Representative WB showing overexpression of HA-tagged KAT5y WT and KATSy
harboring a silent splice site mutation (Q37; CAG—> CAA), determined in the WCLs by IB
with anti-HA.

(B) Acetylation of FLAG-tagged ZIKV NS3(K389only) in HEK293T cells that were co-
transfected for 40 h with increasing amounts of HA-tagged KAT5y, determined by anti-
FLAG PD and IB with anti-acK and anti-FLAG. WCLs were probed with anti-HA and anti-
Actin (loading control).

(C) Acetylation of FLAG-tagged ZIKV NS3(K389only) in A549 cells that were co-
transfected for 40 h with either empty vector or HA-tagged KAT5y WT or dominant-
negative mutant (Q377E/G380E), determined by PD with anti-FLAG and IB with anti-acK.
WCLs were probed by IB the indicated antibodies.

(D) Frequency of ZIKV-positive A549 cells that were transfected for 24 h with either empty
vector (-) or increasing amounts of HA-KAT5y Q377E/G380E and then infected with ZIKV
(BRA/2015; MOI 001) for 48 h, determined by staining of the viral E protein (anti-4G2)
and flow cytometry. Expression of HA-KAT5y was confirmed in the WCLs by IB with anti-
HA. Unpaired Student’s t test between indicated sample groups. ns, not significant; *p <
0.05, ***p < 0.001, **** p < 0.0001.
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Figure 3.8 (continued) Ectopic expression KAT5y modulates ZIKV NS3 acetylation,
ZIKV replication, and RNA unwinding by NS3.

(E) FRET-based molecular beacon helicase assay measuring the dsRNA-unwinding
capacity of FLAG-tagged ZIKV NS3 purified from HEK293T cells that were transiently
transfected with NS3 together with empty vector or increasing amounts of HA-KAT5y.
Equal input amounts of FLAG-NS3 as well as its acetylation level were confirmed by IB
with anti-FLAG and anti-acK, respectively. Expression of HA-KAT5y was confirmed by IB
with anti-HA.

Despite the observation of KAT5y, and not the other KAT5 isoforms, as a proviral
factor supporting ZIKV replication, the KAT5y isoform does not possess any unique
structural features compared with other KAT5 isoforms that may explain its specificity for
acetylation of ZIKV NS3. Therefore, we tested whether the KAT5y isoform was
transcriptionally induced by ZIKV infection. However, gRT-PCR analysis revealed that
total KAT5 gene expression in both A549 cells (Fig. 3.9A) and SVGA cells (Fig. 3.9B)
was unaffected by ZIKV infection. Further, gene expression profiling showed that KAT5
MRNA and protein were not exclusively expressed in ZIKV-permissive cells but widely

abundant in human tissues and cell types, albeit to varying levels (Fig 3.9C, D).
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Figure 3.9 KAT5 expression is not induced by ZIKV infection nor specific to ZIKV-

permissive cell types.
(A-B) KAT5 and ZIKV E transcript levels in A549 (A) and SVGA (B) cells that were
infected with ZIKV (strain BRA/2015, MOI 0.5) for the indicated times, determined by

gRT-PCR.
(C) Absolute KATS5 transcript numbers in the indicated human tissues, measured by

gRT-PCR.

(D) Endogenous KATS protein expression in the indicated cell lines or primary cells,
determined in the WCLs by IB with anti-KAT5. WCLs were further probed with anti-
Actin (loading control).

Therefore, it was tested whether KAT5y has a specific localization within ZIKV-
infected cells. Unfortunately, endogenous KAT5S is notoriously difficult to detect by IF
using available antibodies [135]. Therefore, the localization of endogenous KATS5 was
determined by a membrane flotation assay during ZIKV infection, which showed that
KAT5y specifically localized to ER-derived membranes containing ZIKV NS3 and NS4b

(ie, the viral replication complex) during infection (Fig 3.10). In summary, these data
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support a role of KAT5y-mediated acetylation of ZIKV NS3 K389 during infection. Our

results further suggest that KAT5y acetylates NS3 at the virus replication complex.
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Fig 3.10 KATSy localizes to the replication complex during ZIKV infection.

Protein abundance of endogenous KAT5 isoforms, viral NS3 and NS4b, and calreticulin
(ER-marker protein) in indicated fractions of A549 cells that were infected with ZIKV
(BRA/2015, MOI 1) for 48 h, determined by membrane flotation assay and IB with the
indicated antibodies.

3.4Discussion

The data presented herein strongly supports a proviral role for KATS5, specifically
KAT5y, in NS3 acetylation and viral replication. The required role for KAT5 during ZIKV
replication reflects the proviral role of NS3 K389 acetylation in mediating ZIKV replication,
shown in Chapter 2 by the attenuation of both ZIKV(K389R) and ZIKV(K389Q)
recombinant viruses compared to the parental virus. To further link these two parallel
phenotypes, the replication of ZIKV(WT), ZIKV(K389R), and ZIKV(K389Q) could be
tested in KAT5y—depleted cells. Our results suggest that the replication of ZIKV(WT)
would be attenuated in KAT5y—depleted cells, compared with non-targeting control cells.
In contrast, the replication phenotype of the two recombinant K389 mutant viruses would
not be further attenuated by KATSy silencing, if the major role of KAT5y in supporting

ZIKV replication is through acetylation of K389 in NS3. This experiment would control for
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other potential proviral roles mediated by KAT5y outside of direct acetylation of ZIKV NS3
K389.

Previous studies of KAT5 have revealed that this enzyme often functions as part
of a larger, transcriptionally-active complex called NuA4 [118]. While only KAT5a and
KAT5p have been characterized within this complex, it is possible that KAT5y also
assembles into a larger complex and/or has additional binding partners. It is possible that
binding proteins, or other chaperone proteins, facilitate NS3 binding or ER localization of
KAT5y and thereby ZIKV NS3 acetylation. However, future interaction studies are
required to identify KAT5y-binding proteins and their potential involvement in ZIKV NS3
acetylation.

Moreover, several upstream activating and deactivating proteins of KAT5
enzymatic function have been identified [114, 121, 140, 142-144]. While these upstream
mediators are typically studied in the context of KAT5a-mediated transcriptional
activation, it is possible that some of these factors could also regulate KAT5y-mediated
acetylation of ZIKV NS3. Since our data showed that KAT5 itself was not upregulated at
the gene or protein expression level, perhaps upstream activators of KAT5 are
upregulated during ZIKV infection, allowing for ZIKV-induced activation of KAT5y. For
example, upregulation of PTMases specific for KAT5, such as the kinases responsible for
the activating KAT5a S86/90 phosphorylation [140, 142], or the activating K104
acetylation of KAT5a [143], may allow for enhanced KAT5y—mediated NS3 acetylation
during ZIKV infection. Supporting the potential for upstream mediators of KAT5 in
regulating NS3 acetylation, our preliminary data suggest that KAT3B may act as one of

these mediators. A previous study found that KAT3B interacts with KAT5 and promotes
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KATS5 auto-acetylation at residue K327, thereby enhancing its stability, acetyltransferase
activity, and interaction with downstream substrate FOXP3, ultimately enhancing its
acetylation [144] (Fig. 3.11A). In accord, when both KAT3B and KAT5 were knocked
down in the same cells, near complete loss of NS3(K3890only) acetylation was observed
(Fig. 3.11B). Further, overexpression of myc-tagged KAT3B enhanced ZIKV NS3
acetylation in a dose-dependent manner (Fig 3.11C), while a negative control, KAT8, did
not show any enhancement (Fig. 3.11D), suggesting that KAT3B may be an upstream
regulator of KAT5y—mediated acetylation. However, further investigation characterizing
this interaction and its potential role in NS3 acetylation, such as the loss of KAT3B-
mediated enhancement of ZIKV NS3 acetylation in the absence of KAT5, is required to
ensure its physiologically-relevant role as a KAT5y upstream mediator. In terms of
negative regulators, HDAC3 has been identified to inhibit KAT5a auto-acetylation,
reducing enzymatic activity of its KAT domain [114]. Perhaps deacetylation of KAT5 by
HDACS3, or by another HDAC enzyme, could also play a role in the regulatory switch

governing NS3 acetylation and its RNA binding dynamics.
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Figure 3.11 Potential role for KAT3B in enhancement of ZIKV NS3 acetylation by
KATSy

(A) Schematic depicting a previously-identified role for KAT3B-mediated KAT5 auto-
acetylation at residue K327, resulting in enhanced downstream KAT5-mediated
acetylation of FOXP3.

(B) Acetylation of FLAG-tagged ZIKV NS3(K389only) in HEK293T cells that were
transfected for 16 h with either si.C or siRNAs targeting KAT3B and KAT5 and then co-
transfected with FLAG-NS3(K389only) for 30 h, determined by PD with anti-FLAG and IB
with anti-acK. Knockdown of KAT3B and KAT5 was confirmed in the WCLs by IB with
anti-KAT3B, anti-KAT5 and anti-Actin (loading control).

(C) Acetylation of FLAG-tagged ZIKV NS3(K389only) in HEK293T cells that were co-
transfected for 40 h with either empty vector or increasing amounts of myc-tagged
KAT3B, determined by anti-FLAG PD and IB with anti-acK and anti-FLAG. WCLs were
probed with anti-myc and anti-Actin (loading control).

(D) Acetylation of FLAG-tagged ZIKV NS3(K389only) in HEK293T cells that were co-
transfected for 40 h with either empty vector or increasing amounts of myc-tagged KATS,
determined by anti-FLAG PD and IB with anti-acK and anti-FLAG. WCLs were probed
with anti-myc and anti-Actin (loading control).
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Interestingly, our data shows that only KAT5y binds to ZIKV NS3. As previously
mentioned, KAT5y does not have any unique structural features compared with the other
isoforms, as KAT5L also encodes the KATS5 intron that sets KAT5y apart from KAT5a and
KAT5p. Therefore, the specific localization of KAT5y to ER-derived membranes cannot
be explained simply by the presence of the KAT5 intron. It is, however, possible that the
additional KAT5 exon encoded by KATS5L, but not by KAT5y, retains KATS5L within the
nucleus, while the absence of exon 5 allows for KAT5y ER localization. However, our
membrane flotation assay shows that KAT5p, which lacks both the KATS intron 1 and
exon 5, is also present in some RC fractions. This may suggest that exon 5 is the
distinguishing feature preventing localization to the ER membrane, by retaining KAT5L
and KAT5a in the nucleus. Interestingly, while a nuclear localization signal (NLS) has
been predicted for KAT5 [136], these signals are not isoform-specific, and are shared with
all four isoforms. In addition, using the WOLF PSORT Il software, a potential ER retention
signal (541-KRGK-546) is present in the C-terminus of the KAT5 protein. Like the NLS,
however, this ER retention signal is present in the sequence of all four KAT5 isoforms. It
is possible that the folding of the different isoforms allows for differential exposure and/or
shielding of the potential NLS and ER retention signal in different KAT5 isoforms.
Alternatively, PTMs in the NLS or ER sites may shield these signals and allow for
regulated subcellular localizations. However, more structural information and localization
studies are required to make any conclusions regarding these hypotheses.

Since both KAT5y and KAT5p, which lack the potential nuclear-retaining exon 5,
are present in some RC fractions by membrane flotation, the specificity for KAT5y in

binding to ZIKV NS3 may be mediated by the KAT5 intron region. Mapping studies of the
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interaction between KAT5y and ZIKV NS3 would be required to conclude this. Moreover,
the intron region may not only directly bind to ZIKV NS3 during infection, but potentially
mediate interaction with other proteins that allow for the ZIKV NS3 and KAT5y interaction.
Finally, as KATS5 has been shown to be regulated by its own PTMs, it is possible that only
KAT5Sy is post-translationally modified in a way that allows for ER localization/NS3
binding. Several lipid-based PTMs have been shown to mediate interaction with
membranous compartments, though KAT5 has not yet been identified as a substrate for
these PTMs [70].

Overall, more in-depth localization studies may elucidate why only KAT5y binds to and
acetylates ZIKV NS3 during infection. However, the available anti-pan-KATS antibodies
are poor detectors of endogenous KAT5 expression in cells by IF. While overexpression
of tagged KATS5 proteins and IF detection using tag-specific antibodies has been achieved
in previous studies, these methods are not reliable for discerning endogenous or isoform-
specific localization, as many of these published studies show differential localization of
the KATS5 isoforms depending on tags and cell types used [133, 136, 137]. Therefore, a
more robust approach may be to use endogenous tagging of KAT5 at the genomic level.
However, since all of the KAT5 isoforms are encoded by the same gene, this approach
would limit isoform-specific detection. One could foresee a potential in CRISPR-mediated
fluorescent-tagging [180] of only KAT5L and KAT5y by introducing a fluorescent molecule
within the KATS intron. Moreover, a potential for KAT5y-specific tagging could be
achieved by introducing a fluorescent tag in the KAT5S intron and its quencher within the
KAT5 exon 5 region. This would allow for only KAT5y, which encodes the fluorescent

intron but splices out the quencher in the exon 5, to be detected by IF. However, more
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intricate design and trouble-shooting are required to ensure the feasibility of this
approach.

Our characterization of the localization of KAT5y within the ZIKV replication
complex supports the hypothesis that NS3 is dynamically regulated by acetylation (Fig
2.11). This proposed scenario for NS3 regulation by acetylation leaves room for a yet
identified deacetylase as a major player in NS3-mediated RNA binding and unwinding
dynamics. To identify the NS3-specific deacetylase, and thus extend the functional
understanding of the mechanism for regulation of ZIKV replication by acetylation, a
candidate or unbiased screen could be designed similar to the acetyltransferase screens
shown in Fig. 3.1. In this case, it would be expected that silencing of the deacetylase
would reduce ZIKV replication, similar to silencing of the acetyltransferase, since silencing
of either class of enzymes will disrupt the finely-tuned regulation of NS3 acetylation.
These deacetylases could then be biochemically characterized during silencing or gene-
editing for their effect on ZIKV NS3 acetylation at K389 and on ZIKV replication.

The data presented herein also suggest that KAT5 and KAT5y are widely
expressed in various cell types (Fig. 3.9C, D). As expected, KAT5y protein expression as
well as KAT5y’s proviral role was found to be conserved in Vero (African Green Monkey)
cells (Fig. 3.4A). It will be an interesting future direction to test whether KAT5y expression
and NS3 acetylation is also conserved in mosquito cells, the main vector for ZIKV
transmission. Moreover, our data shows that KAT5S is highly expressed in the neuronal
cell type SH-SY-5Y (Fig 3.9D), stimulating the hypothesis that enhanced KAT5/KAT5y

expression may account for the neuronal tropism of ZIKV during in vivo infection. More
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characterization is required to conclude whether KAT5y expression may contribute to the

infectivity of ZIKV-permissive cell types/organs.

3.5Methods

Cell lines. HEK 293T (human embryonic kidney cells, female), Vero (African Green
monkey kidney epithelial, female) (ATCC), A549 (human lung epithelial cells, male, age
58) and SH-SY5Y (human neuroblastoma cells) were purchased from American Type
Culture Collection (ATCC) and cultured in Dulbecco’s Modified Eagle’s Medium (DMEM,
Gibco) supplemented with 10% (v/v) fetal bovine serum (FBS, Gibco) and 1% (v/v)
penicillin-streptomycin (Gibco). SH-SY5Y were further supplemented with 1 mM sodium
pyruvate. SVGA cells (human fetal astrocyte, embryonic, sex unidentified) (provided by
Ellen Cahir-McFarland; Cambridge, MA; [163]) HMC3 (human embryonic microglial cell,
sex unidentified) (ATCC), and Calu-3 (human lung cancer cells, male) (ATCC) cells were
cultured in Minimum Essential Medium (Gibco) supplemented with 10% (v/v) FBS and
1% (v/v) penicillin-streptomycin. Caco2 (colon epithelial cells, white male age 72 with
colorectal carcinoma) (ATCC) were cultured in Minimum Essential Medium (Gibco)
supplemented with 20% (v/v) FBS and 1% (v/v) penicillin-streptomycin. The NHLF
(normal human lung fibroblasts) (Lonza) and hTERT-immortalized HDF (human dermal
fibroblasts; kindly gifted by Patrick Hearing [181] cells were cultured in DMEM medium
supplemented with 10% (v/v) FBS, 1 mM sodium pyruvate (Gibco) and 1% (v/v) penicillin-
streptomycin. The THP-1 cells (human leukemia monocytic cell lines) (ATCC) were
cultured in suspension in Roswell Park Memorial Institute (RPMI 1640, Gibco) medium
supplemented with 10% (v/v) FBS, 1% (v/v) penicillin-streptomycin, 1 mM sodium

pyruvate, 10 mM HEPES, 1x non-essential amino acids and 0.05 mM -mercaptoethanol.
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All cell cultures were maintained at 37 °C in a humidified 5% CO2 incubator. Purchased
cell lines were authenticated by the respective vendor and were not validated further in
our laboratory. Cell lines obtained and validated by other groups were not further
authenticated.

Viruses. ZIKV (strain BRA/2015) [46, 164] was kindly provided by Michael Diamond
(Washington University St. Louis) and propagated in Vero cells as previously described
[166]. Sendai virus (strain Cantell) was purchased from Charles River. EMCV (strain
EMC) was purchased from ATCC and propagated in HEK293T cells [182]. VSV-eGFP
was provided by Sean Whelan (Washington University St. Louis).

Plasmids and Reagents. ZIKV NS3 (strain H/PF/2013) was subcloned using as a
templates a GST-fused construct plasmid [46] into the pcDNA3.1+ vector together with
an N-terminal FLAG-tag using the restriction sites Nhel and BamH1. cDNA encoding
ZIKV NS3 6K>R (K119R, K187R, K389R, K431R, K466R, K530R) was purchased as a
G-block from IDT and cloned into the pcDNA3.1+ vector using Kpnl and Xho1l restriction
sites and Gibson assembly. The K389R site was reverted back to K389 in the ZIKV NS3
6K—>R backbone using ‘Round-the-Horn cloning. Myc-DDK-tagged KAT5y (transcript 4)
was purchased from Origene (#RC234280) and subcloned into the pcDNA3.1+ vector
together with an N-terminal HA-tag using BamHI and Nhel restriction sites. Importantly,
an additional silent mutation at the splice acceptor site of the KAT5 intron (Q37; 125-
CAG-127 to 125-CAA-127) was introduced into HA-tagged KAT5y by ‘Round-the-Horn’
cloning, preventing the further splicing of overexpressed KAT5y to KAT58, which was

validated by Western blot. KATSy (Q377E/G380E) was generated by site-directed

mutagenesis using ‘Round-the-Horn’ cloning using HA-KATS5y plasmid as template.
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Transfections were performed using linear polyethylenimine (1 mg/mL solution in 20 mM
Tris pH 6.8; Polysciences), Lipofectamine and Plus reagent (Life Technologies),

or Lipofectamine 2000 (Life Technologies) following the manufacturer’s instructions.

Anti-FLAG M2 agarose affinity gel (Sigma), Glutathione Sepharose 4B resin (GE Life
Sciences), magnetic A/G beads (Pierce) or agarose A/G beads (Pierce) were used for
respective pull down and immunoprecipitation assays. Protease inhibitor cocktail (Sigma,;
#P2714) was added at a concentration of 1:50 to cell lysates for all pull down and
immunoprecipitation assays. Deacetylase inhibitor cocktail (Santa Cruz; sc-362323) was
diluted in media at a concentration of 1:200 and added to cells 12 h pre-harvest and to
cell lysis buffer at the same concentration for all biochemical assays analyzing NS3
acetylation.

Cell Lysis and Co-immunoprecipitation. Cells were lysed in Nonidet P-40 (NP-40)
buffer (50 mM HEPES pH 7.4, 150 mM NacCl, 1% (v/v) NP-40, 1 mM EDTA, 1:50 protease
inhibitor cocktail (Sigma)) and then centrifuged at 21,000 x g for 20 min at 4°C. WCLs
were taken post lysate clearance and the remainder was used to perform GST or FLAG
pull downs, immunoprecipitation, or co-immunoprecipitation assays following protocols
as previously described [161]. Briefly, lysates were incubated with GST or FLAG beads
for 4 h at 4°C, or incubated with specific antibodies overnight at 4°C followed by pulled
down with magnetic/agarose A/G beads for 2 h at 4°C. Following pull-down or
(co)immunoprecipitations, proteins were eluted from beads either by heating samples in

Laemmli SDS sample buffer at 95°C for 5 min. For experiments in which FLAG-tagged
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NS3 was analyzed by IB with anti-acK, beads were or by incubated in 100 ug/mL FLAG
peptide (Sigma; F3290) in TBS (10mM Tris HCL, 150mM NaCl, ph 7.4) for 1 h at 4°C.
Immunoblot Analysis and Antibodies. Purified proteins or whole cell lysates were
resolved on 8.5% or 10% Tris-Glycine-SDS PAGE gels (pH 8) and then transferred onto
a polyvinylidene difluoride (PVDF) membrane (Bio-Rad) for 1 h using a Wet Transfer
Chamber (Bio-Rad). Membranes were blocked in 5% (w/v) non-fat dry milk in PBS-T
(0.05% (v/v) Tween-20 in PBS) for 1 h at room temperature, followed by primary antibody
incubation overnight at 4°C. Following primary antibody incubation overnight at 4°C, blots
were probed with HRP-conjugated secondary antibody (CST; #7074S and #7076S) for 1
h at room temperature. Proteins were visualized using SuperSignal West Pico or Femto
(Thermo Scientific) and imaged using either an ImageQuant LAS 4000 Chemiluminescent
Image Analyzer (General Electric) or Amersham ImageQuant 800 (Cytiva). Primary
antibodies used (at a dilution of 1:1000 unless otherwise indicated) for immunoblot
include: anti-FLAG (1:2000; Sigma; #F1804), anti-B-actin (1:5000; GeneTex;
#GTX629630), anti-HA (Sigma; H3663), anti-acetyl-lysine (acK) (CST; #9814), anti-ZIKV
NS3 (custom-made; [46]), anti-acetyl-K389-NS3(ZIKV) antibody (custom-made; this
paper), anti-ZIKV NS3 (GeneTex; #GTX133309), anti-ZIKV NS4b (GeneTex;
#GTX133311), anti-Calreticulin (CST; #12238), anti-p300 (Santa Cruz Biotech; #sc-
48343), anti-KAT5 (Santa Cruz Biotech; #sc-166323).

NS3 Helicase Assay. FLAG-tagged ZIKV NS3 WT co-transfected with increasing
amounts of HA-tagged KAT5y, were affinity-purified from ~1 x 108 transiently transfected
HEK293T cells, and eluted with FLAG peptide as described above. FLAG peptide was

removed from the elution using a Microcon centrifugal Ultracel filter with a 30 kDa cutoff.
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Subsequently, purified FLAG-NS3 protein concentrations were determined by BCA assay
(Pierce). Equal amounts (2.6 uM) of proteins were incubated in a black 96-well plate
(Nunc; #165305) with 1 uM of annealed, complementary synthetic RNAs (generated by
IDT) encoding a fluorescent 5'-Cy3-label (with a 3' overhang to allow helicase loading)
and a quenching 3'-BHQ2-label in the presence of 16.5 mM ATP (Abcam; #ab146525) in
helicase reaction buffer (20 mM Tris—HCI (pH 7.0), 10 mM NaCl, 0.1 mg/mL BSA, 5 mM
MgCI2, 2 mM DTT) for 60 min. The release and subsequent fluorescence of the Cy3-
labeled RNA substrate was measured using a BioTek Syngery Neo2 Plate reader with
settings Ex 540nm and Em 579nm. Unwinding activity was calculated by subtracting the
baseline reading at time = 0 (Fo) from each time point reading (Ft) and dividing by Fo. The
RNA sequences used were: ZIKV Cy3-RNA (5"-Cy3-
GCGUCUUUACGGUGCUUAAAACAAAACAAAACAAAACAAAA-Z, 5'-
AGCACCGUAAAGACGC-3'-BHQ2). Annealing of the synthetic RNA strands for the
Molecular Beacon Assay was carried out by mixing 100 uM of each fragment in 5X
annealing buffer (50 mM Tris (pH 7.5), 250 mM NaCl, 5 mM EDTA) at 95°C for 5 min and
cooling down slowly to RT.

Membrane Flotation Assay. A549 cells (~4 x 108 were mock-treated or infected with
ZIKV (strain BRA/2015; MOI 1) for 48 h and harvested by trypsinization. Samples were
processed following an established protocol for membrane flotation of flavivirus
replication vesicles (47). Briefly, pellets were resuspended in 3.5 mL PBS containing 0.25
M sucrose (PBS/sucrose) and freshly-added protease inhibitor cocktail (1:100, Sigma,;
#P2714). Cells were lysed with a tight-fitting dounce homogenizer on ice for 200

passages and clarified by centrifugation at 2500 x g for 10 min at 4°C. An aliquot of this
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WCL was saved and added to 2X Laemmli buffer for downstream SDS-PAGE analysis.
Equal amounts of lysate from mock or infected samples were adjusted to 2 mL and added
to 2 mL of 60% iodixanol (OptiPrep). This 4 mL of iodixanol/lysate mixture was added to
a 12-mL polypropylene centrifuge tube (Beckman Coulter) and carefully overlayed with a
4 mL 30% (v/v) and 20% (v/v) iodixanol layer diluted in PBS/sucrose. Tubes were
balanced using 10% (v/v) iodixanol in PBS/sucrose and spun in an ultracentrifuge
(Thermo Fisher Scientific; Sorvall WX) at 35,000 rpm overnight at 4°C in a TH-641 rotor
(Thermo Fisher Scientific). Eleven 1 mL fractions were taken off the top of the sucrose
density gradient and a 100 uL aliquot of each fraction was added 1:1 to 2X Laemmli buffer
and resolved on an SDS-PAGE gel for IB analysis as indicated using primary antibodies
described above.

Virus infections and Titer analyses. Infection experiments were performed and
processed as described previously (42). Briefly, Vero, A549, SVGA, or HMC3 cells were
incubated with virus (ZIKV, WNV, EMCV, or VSV) at the indicated MOI in serum-free
media for 2 h, followed by incubation in complete media for the indicated times. Plaque
assays to determine viral titers were performed as described previously (42). Briefly,
supernatants of infected cells were serially diluted in serum-free media and incubated on
a confluent monolayer of Vero cells for 2 h, followed by removal of infection media and
addition of 1% (w/v) low melting agarose (Lonza; #50101) mixed 1:1 with 2X MEM
(described in detail in (42)). Plaques were analyzed after 3-5 days by removing the agar
overlay and fixing cells with 2% (w/v) PFA in PBS for 30 min at room temperature,

followed by staining with crystal violet in 20% (v/v) methanol. Plaques were counted and
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reported as PFU/mL, calculated as number of (plagues/well) x (dilution factor)/(infection
volume).

Anacardic Acid treatment and Cell Viability Measurement. For determination of
ZIKV restriction by anacardic acid, ~1x105 A549 cells were treated in triplicate with
increasing concentrations of anacardic acid (Abcam) or DMSO for two hours prior to
infection with ZIKV (BR/2015, MOI=.001) for 48 hours. ZIKV infection was measured by
gPCR using a primer specific for the ZIKV Envelope (E) gene. Cell viability was
measured in parallel by CellTiter-Glo® Luminescent Cell Viability Assay (Promega) per
the Manufacturer’s Instructions.

RNA purification and gRT-PCR. For viral transcript analyses and knockdown
efficiency determination, total cellular RNA was purified using an RNA extraction kit
(OMEGA Bio-Tek) per the manufacturer’s instructions. Equal amounts of RNA (25-500
ng) were used in a one-step gRT-PCR reaction using the SuperScript Il Platinum One-
Step gRT-PCR kit with ROX (Invitrogen) and commercially-available FAM reporter dye
primers (IDT) for the analyzed transcripts. Gene expression was normalized to that

of house-keeping genes GAPDH (HEK293T), HPRT1 (A549), and 18S (SVGA and
HMC3). The comparative CT method (AACT) was used to measure the transcript levels
of each target gene. ZIKV genomic RNA was analyzed using a previously described
primer for ZIKV E: 5-CCACTAACGTTCTTTTGCAGACAT-3' (forward), 5'-
CCGCTGCCCAACACAAG-3' (reverse), 5'-/56-
FAM/AGCCTACCT/ZEN/TGACAAGCAATCAGACACTCAA/3IABKFQ/-3' (probe) (11)

and for the ZIKV 5’UTR: 5-CAGACTGCGACAGTTCGAG
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-3' (forward), 5'-AGAAACTCTCGYTTCCAAATCC-3' (reverse), 5'-/56-FAM-
CCTGTTGATACTGTTGYTAGCTYTCGCTTC-IABKFQ/-3' (probe) [183]. All gRT-PCR
reactions were performed using a 7500 FAST Real-time PCR machine (Applied
Biosystems) or QuantStudio 6 Pro Real-Time PCR Machine (Applied Biosystems).
KATS5 expression in human tissues. The absolute copy number of KATS transcripts
was determined by one-step qRT-PCR, described above, using 20 ng of the individual
cDNA library samples provided in the Human Total cDNA Panel | and Il (TaKaRa
Biosciences). A standard of known concentration of KAT5 was serially diluted and
amplified to determine the absolute numbers of KAT5 mRNA in the individual tissues.
Flow Cytometry Analysis. To determine the percentage of ZIKV-infected cells, A549
cells (1 x 10° cells/well) were fixed in 2% (w/v) PFA (in PBS) for 30 min at RT and then
permeabilized with 1X PermWash (BD Scientific) for 30 min. Following fixation and
permeabilization, cells were incubated with a PE-conjugated 4G2 antibody (Novus;
#NPB2-52709PE) for 1 h at RT (1:1000 in 1X PermWash). Cells were washed three
times with PBS-T (0.05% (v/v) Tween-20 in PBS) and resuspended in PBS for flow
cytometry analysis using a Cytek Aurora. Data analysis was performed using FlowJo.
Gene silencing using siRNA. Transient gene silencing was achieved by reverse
transfecting cells with 60-120 uM of gene-specific SIGENOMe SMARTpool siRNAs
(Dharmacon) using RNAiMax transfection reagent (Invitrogen), according to the
manufacturer’s instructions. The non-targeting siRNAs (SIGENOME Non-Targeting
SiRNA Pool #2, D-001206-14-05 and siRNA Pool #3, D-001210-03-05) were used as
controls. The following siRNAs were used to target the following respective genes: KAT2A

(M-009722-01-0010), KAT2B (M-005055-00-0010), KAT3A (M-003477-02-0010), KAT3B
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(M-003486-04-0010), KAT5 (M-006301-01-0010), KAT6A (M-019849-01-0010), KAT6B
(M-019563-01-0010), KAT7 (M-017668-00-0010), KAT8 (M-014800-00-0010), KAT1 (M-
011490-02-0010), KAT4 M-005041-01-0005), KAT9 (M-015940-01-0005), KAT12 (M-
019863-01-0010), KAT13A (M-005196-03-0005), KAT13B (M-003759-02-0005),
KAT13C (M-020159-01-0005), KAT13D (M-008212-00-0005), ATF2 (M-009871-00-
0005), ATAT1 (M-014510-01-0005), ACAT1 (M-009408-00-0005), NAT10 (M-014402-
00-0005), GCN5L1 (M-012580-00-0010), CDYL (M-008521-00-0005), ELP4 (M-016927-
01-0010), KAT14 (M-008481-01-0005), METTL8 (M-014442-01-0010), NAA6O (M-
014479-01-0005), CECR2 (M-024450-01-0005), TMEM41B (M-033252-01-0010), and
EMC2 (L-010631-00-0010). A custom pool of African green monkey-specific KAT5-
targeting siRNAs was generated by Dharmacon and used to target KAT5 in Vero cells,
with  sequences (1) 5-GGACAGCUCAGAUGGAAUAUU-3" and (2) 5-
CACAGGAGCUCACCACAUUUU-3. A custom pool of siRNAs, generated by
Dharmacon, was used to target the KATS5 exon, with sequences (1) 5'-
GCGGGAAGACCTTGCCAAT-3' (2) 5- tCCCGGTCCAGATCACACT-3'" (3) 5"
GAGCGGGAGGCCATTCCCG-3" (4) 5-GCAGCCCAACCACCGCTCA-3". A custom
siRNA to target the KAT5 intron was generated by Dharmacon with the sequence: 5'-
AGGGGAGGTGGGTAGAGCC-3'. Knockdown efficiency of these genes was determined
by gRT-PCR at the indicated times using pre-designed primers from IDT.

Quantification and Statistical Analysis. All data were presented as means + SD and
analyzed using GraphPad Prism software (version 7). An unpaired two-tailed Student’s t-
test or one-way ANOVA (with Tukey’s HSD) (P < 0.05 was considered statistically

significant) were used as indicated in the respective legends. Pre-specified effect sizes
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were not assumed and three biological replicates (n) for each condition. Data were

reproduced in independent experiments as indicated in the legends for each figure.
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CHAPTER 4

ACETYLATION OF NS3 BY KATS5y IS CONSERVED IN WEST NILE VIRUS

This chapter is adapted from: Serman, T.; Chiang, C.; Acharya, D.; Pandey, S.; Muppala,
S.; Liu, G.; Gack, M.U. Acetylation of the flavivirus NS3 helicase by KAT5y is essential for

virus replication (2022) (manuscript under review).

Attributions: TS performed and analyzed all experiments with the following exceptions:

DA performed and analyzed Figure 4.3B.
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4.1 Abstract

The flaviviruses are a family of vector-borne pathogens responsible for significant
morbidity and mortality across the global population [184]. The mosquito-borne
flaviviruses, such as ZIKV, WNV, DENV, and YFV, are the most common culprits for
causing flavivirus-associated diseases in humans. Both ZIKV and WNV present with
neurological symptoms during human infection given their neuronal tropism. In terms of
neuropathology, ZIKV most often presents in newborn babies after crossing the trans-
placental barrier and infecting neuro-progenitor cells during fetal development, while
WNV infection is more commonly associated with meningoencephalitis in immuno-
compromised adults [185]. Here, we show that robust acetylation of the NS3 helicase is
conserved in WNV. Moreover, we found that mutation of K389 reduces acetylation of
WNV NS3. In turn, we tested whether KAT5 was the enzyme responsible for acetylation
of WNV NS3 and found that proviral acetylation of NS3 by KAT5/KAT5y is a conserved
mechanism controlling both ZIKV and WNV replication, providing the potential for an
antiviral therapy capable of restricting multiple flaviviruses.

4.2 Introduction

Both WNV and ZIKV are mosquito-transmitted flaviviruses capable of causing
neurological clinical manifestations in human patients, despite different transmission
cycles. ZIKV is mainly transmitted through the Aedes species of mosquito, and is largely
maintained in a sylvatic cycle, in which the virus transmits between non-human primates
and forest-dwelling mosquito vectors, with humans as incidental hosts. However, humans
are able to contribute to ZIKV transmission, as the virus can spread between humans via

a mosquito vector, sexual transmission, or vertical (trans-placental) transmission. ZIKV
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induced neuropathology typically presents as cranial and developmental abnormalities in
babies born to infected mothers, though neurological symptoms such as acute paralysis
and Guillain-Barré syndrome are also associated with ZIKV infection in adults [3].

On the other hand, the enzootic transmission cycle of WNV relies on transmission
between the Culex species of mosquito and birds, such as crows and jays, with humans
and other mammals, such as horses, as the main incidental hosts. However, these
mammalian hosts are considered “dead-end” hosts, as they do not develop sufficient
viremia to allow for subsequent transmission. Infection with WNV is typically
asymptomatic, but a small percentage (~20%) of infected patients can develop West Nile
Fever (WNF), associated with headache, tremors, numbness, and disorientation, while
an even smaller percentage (~1%) develop West Nile Neuroinvasive Disease (WNND),
associated with multiple syndromes such as meningitis, encephalitis, and poliomyelitis,
all of which can be fatal [186]. Like ZIKV, WNV has also been found to cross placentas
during infection of pregnant mice [187], and there has been one reported case of vertical
transmission in humans [188], suggesting the potential for vertical transmission in other
mammalian hosts.

In addition to their dissimilar transmission cycles and clinical manifestations, ZIKV
and WNV infection are experimentally studied using distinct in vivo models. The recent
emergence and rapid resolution of the ZIKV epidemic has stunted the development of a
suitable mouse model. Moreover, ZIKV is readily cleared by the mouse innate immune
system, as the ZIKV NS2b3 protease is unable to cleave the mouse signal transducer
and activator of transcription 2 (STATZ2) antiviral signaling molecule, a major way in which

flaviviruses evade the host innate immune response in humans [189]. On the other hand,
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STAT2" mice, or mice deficient in both subunits of the IFN receptor (IFNAR), were
susceptible to ZIKV infection and showed more severe ZIKV-associated pathology,
compared to wildtype (WT) mice [190, 191]. In addition, ZIKV infection of pregnant
IFNAR1-~mice led to severe fetal growth restriction and fetal demise, compared to control
mice [192, 193]. Another useful mouse model for ZIKV is mice lacking IFNAR1 or mice
lacking IRF 3, 5, and 7, both of which develop more severe neurological disease
compared to WT mice [194].

On the other hand, WNV, which was first isolated in 1937 and associated with
human disease as early as the 1960’s has more established in vivo models [186]. While
wild mice are not susceptible to WNV infection, lab strains of mice are highly susceptible
to WNYV infection due to a truncation in the 2',5'-oligoadenylate synthetase (OAS) antiviral
gene family, which is functional in wild mice [195]. For example, WNV infection and
immunity has been characterized extensively in the C57BL/6 (B6) mouse model, which is
readily infected by the virus without any manipulation to innate immune signaling.
Following subcutaneous infection in the footpad, approximately 30% of mice develop
neuroinvasive disease, with clinical manifestations as human WNND, resulting in death
within 10-12 days post-infection [195]. Moreover, intracranial injection of wildtype B6 mice
with WNV rapidly results in neuroinvasive disease and death within 3-6 days post-
infection [196]. In addition to mouse models, a WNV macaque and baboon model have
been established for viral pathogenesis studies [197].

In previous chapters, we showed that ZIKV NS3 is acetylated at residue K389.
Mutational analysis of K389 in ZIKV NS3 to a non-acetylated arginine or a hyper-

acetylation-mimicking glutamine resulted in modulated RNA binding, unwinding, and
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ZIKV replication, suggesting a proviral role for NS3 functional regulation by acetylation.
An unbiased screen identified KATS5 as the host acetyltransferase responsible for ZIKV
NS3 acetylation and support of ZIKV replication. In depth biochemical and virologic
analyses revealed that only one isoform of KAT5, KAT5y, mediates ZIKV NS3 acetylation
and controls ZIKV replication. Here, we sought to test the conservation of the proviral
regulatory role of NS3 acetylation in other related mosquito-transmitted flaviviruses.
4.3Results
4.3.1 Acetylation of WNV, DENV, and YFV NS3 proteins

To test whether acetylation of NS3 is conserved in other flaviviruses, the NS3
proteins from WNV, DENV, and YFV were ectopically-expressed along with ZIKV NS3
and assessed for acetylation by Western blot (WB). Interestingly, all four flavivirus NS3
proteins were acetylated by WB, although the degree of acetylation varied, with only WNV
NS3 being acetylated to a similar level as ZIKV NS3, while DENV and YFV NS3 proteins
were much less acetylated (Fig. 4.1A). Interestingly, the degree of acetylation
corresponded to the structural conservation between the respective NS3 proteins and
ZIKV NS3 [198]. Since the major acetylation site, K389, is conserved across ZIKV and
WNV strains (Fig. 4.1.B), we tested whether K389 is also acetylated in WNV NS3. WNV
NS3 K389R showed reduced acetylation (by about 60%) compared with the WT protein
(Fig. 4.1C), suggesting that K389 is also a dominant acetylation site in WNV NS3, and
further, that likely other sites are acetylated in WNV NS3. Moreover, we showed by WB

that WNV NS3 was acetylated during authentic infection of A549 cells (Fig. 4.1D).
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Figure 4.1 Acetylation of NS3 is conserved in West Nile Virus (WNV).

(A) Acetylation of FLAG-tagged ZIKV, WNV, DENV, and YFV NS3 in HEK293T cells that
were transfected for 40 h to express those constructs, assessed by PD with anti-FLAG
and IB with anti-acK. WCLs were probed with anti-acK and anti-Actin (loading control).

(B) Amino acid sequence spanning the region in NS3 that contains K389 for the indicated
ZIKV and WNV strains. The conserved K389 residue is highlighted in red.

(C) Acetylation of FLAG-tagged WNV NS3 WT or K389R mutant in transiently transfected
HEK293T cells, determined by PD with anti-FLAG and IB using anti-acK. WCLs were
probed with the indicated antibodies.

(D) Acetylation of WNV NS3 in A549 cells that were infected with WNV (NY99, MOI 1) for
30 h, determined by IP with anti-NS3(WNV) and IB with anti-acK and anti-NS3(WNV).

4.3.2 WNV NS3 binds to KAT5y
Since NS3 acetylation was conserved in WNV, we wanted to test the role of KAT5
in mediating this conserved PTM. To this end, we first examined KAT5-NS3 binding and

found that both ZIKV and WNV NS3 bound to a single isoform of endogenous KAT5
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(KAT5y) when overexpressed in HEK293T cells (Fig. 4.2A). Moreover, binding of native
WNV NS3 to KAT5y during authentic infection of A549 cells was also confirmed (Fig.

4.2B).
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Figure 4.2 WNV NS3 binds to a single isoform of KAT5, corresponding to the size

of KAT5y.

(A) Binding of endogenous KAT5y to FLAG-tagged NS3 from ZIKV or WNV in transiently
transfected HEK293T cells, determined by PD with anti-FLAG and IB with anti-KAT5
or anti-FLAG. WCLs were probed by IB with the indicated antibodies.

(B) Binding of endogenous KAT5y to WNV NS3 in A549 cells that were infected for 30 h
with WNV (NY99, MOI 1), determined by IP with anti-NS3 and IB with anti-KATS5 or
anti-NS3.

4.3.3 KATS5 controls WNV NS3 acetylation and WNV replication

To test whether KATS binding to WNV NS3 also resulted in acetylation of the NS3
protein, we silenced KAT5 in HEK293T cells and found that WNV NS3 acetylation was
reduced in conditions of KAT5 silencing compared with control cells (Fig 4.3A). Likewise,
we tested whether replication of WNV was controlled by KAT5. As observed during ZIKV
replication, silencing of KAT5L/y or KAT5S (all) markedly reduced WNV replication and to

similar degrees, as determined by plaque assay (Fig. 4.3B). In contrast, knockdown of
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KAT5L/a did not diminish WNV replication; titers were similar to those in cells transfected
with nontargeting control siRNA (Fig. 4.3B). Together, these data suggest that the role

for KAT5y-mediated NS3 acetylation in promoting viral replication is conserved also in

WNV.
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Figure 4.3. Silencing of KAT5/KAT5y reduces WNV NS3 acetylation and viral

replication.

(A) Acetylation of FLAG-tagged WNV NS3 in HEK293T cells transfected for 16 h with
either si.C or KAT5-specific sSiRNA (si.KAT5) and then co-transfected with FLAG-
NS3 for 30 h, determined by anti-FLAG PD and IB with anti-acK and anti-FLAG.
WCLs were probed with anti-KATS5 to validate knockdown efficiency, anti-acK, and
anti-Actin (loading control).

(B) WNV replication in A549 cells that were transfected for 30 h with the indicated siRNAs
and then infected with WNV (NY99, MOI 0.001) for the indicated times, determined by
plaque assay and presented as PFU/mL. Unpaired Student’s t test between indicated
sample groups. ns, not significant; *p < 0.05, **** p < 0.0001.

4.4Discussion

Herein, we showed robust acetylation of ZIKV and WNV NS3, while the NS3
proteins from the tested strains of DENV and YFV were less acetylated under the
experimental conditions and cell type used, despite the overall high structural similarity of

the NS3 protein in these flaviviruses. However, as ZIKV and WNV are more highly
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structurally-related to each other than to DENV and YFV, it is possible that the mechanism
for regulation by acetylation diverged due to structural changes in the NS3 protein. On
the other hand, this result could be explained by the technical use of an overexpression
system using HEK293T cells. Perhaps under conditions of overexpression, the low level
of acetylation of the NS3 protein from the representative strains of DENV and YFV NS3
cannot be detected, though regulation by acetylation may still be possible during viral
replication, during which the expression of NS3 is much less than in an overexpression
context. Moreover, DENV and YFV NS3 may have diverged in their utilization of KAT5 as
the NS3 acetyltransferase, providing the potential for a cell type-specific unknown
acetyltransferase that may not be highly expressed in HEK293T cells to mediate NS3
acetylation. In this scenario, this unknown acetyltransferase may be expressed in other
DENV and YFV-permissive cell types. Outside of the technical possibilities, it is
conceivable that DENV and YFV do not utilize NS3 acetylation as a regulatory
mechanism for the binding, unwinding, and replication of their viral RNA genomes. It is
possible that their NS3 enzymatic activities are regulated by a distinct PTM, or do not
require fine-tuned regulation to achieve viral replication.

While it is tempting to speculate that the requirement for NS3 acetylation
contributes to the neuronal tropism of ZIKV and WNV, our data in Chapter Il does not
show any neuron-specific expression of KAT5/KAT5y, as KAT5 isoforms are expressed
widely across human tissues and cell types. Moreover, NS3 regulation by KAT5y appears
to be conserved in Vero (African Green Monkey), HMC3 (microglial), SVGA (astrocytic),
and A549 (epithelial) cells, as knockdown of KAT5y reduced ZIKV replication in all of

these cell types. Mutation of the major acetylation site, K389, reduced ZIKV replication in
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SVGA, Vero, and A549 cells, suggesting that this phenotype is not specific to neuronal
cell types. Nevertheless, it is still possible that NS3 regulation by acetylation in neuronal
cell types may be important for pathogenesis of these neuroinvasive flaviviruses, despite
the conserved role of NS3 acetylation in a variety of cell types. Regardless, our data
support that NS3 acetylation is a fundamental regulatory mechanism for ZIKV NS3 activity
in multiple target cells.

In addition to the variance in the degree of acetylation, the WNV NS3 K389 site
seems to be less of a dominant site for NS3 acetylation than observed for ZIKV NS3. This
could potentially be due to variation at the structural level at the RNA binding tunnel. For
example, the cognate K389 site (at the structural level) is K366 in DENV NS3 [29]. While
the WNV NS3 protein has not been crystallized in its RNA-bound state, or across the
conserved K389 site [199], itis possible that also other sites within the RNA binding tunnel
of WNV NS3 contribute to NS3 acetylation. This could be tested by overexpression of the
WNV NS3, or infection with native WNV, followed by purification of the NS3 protein and
MS analysis to identify potential additional acetylation sites.

Our data also showed that NS3 acetylation and successful viral replication
mediated by KAT5y are conserved in ZIKV and WNV. This provides a tool for studying
the role of NS3 acetylation in an in vivo model, since WNV more readily infects wildtype
strains of lab mice and reflects the human clinical presentations of symptoms than does
ZIKV. Importantly, mice encode all four human isoforms of KAT5, and two additional
truncated isoforms [131]. However, since KAT5 plays an essential epigenetic role during
embryonic development, full KAT5 knockout mice are not viable. Alternatively, there is

one established conditional KAT5 knockout mouse line, in which all four KAT5 isoforms
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are targeted by a tamifloxin-inducible CaMKCreERT2 driver, allowing for conditional
knockout in neural tissues including cortex, hippocampus, and striatum [200]. In general,
neuroinvasive WNV infection in mice yields highest viral titers in the olfactory bulbs,
brainstem, and mid-brain, with lower titers in the cerebral cortex and hippocampus [57].
Therefore, the feasibility of using this existing conditional KAT5 KO mouse model is still
guestionable for in vivo WNV viral replication and survival studies, as the effect of the
conditional knockout in tissues that support only low WNV replication may not be
significant. Another potential KAT5 knockdown model for studying WNV pathogenesis is
a recently established KAT5 S86A CRISPR knock-in mouse, in which the wildtype KATS5
allele is replaced with the KAT5 S86A allele, preventing the activating phosphorylation by
glycogen synthase kinase 3 (GSK3). Since these mice maintain the inactivating mutation
in all cell types, this model may be more suitable for WNV pathogenesis studies [153].
However, while S86 is encoded by all four KAT5 isoforms, whether the S86A mutation
reduces the enzymatic activity of KAT5y is unknown, as this associated loss of function
has only been characterized in the KAT5a isoform [140]. Therefore, alternative methods
are required for studying the role of specifically KAT5y during in vivo WNV infection

(discussed in more detail in the next Chapter).

4.5Methods
Cell lines. HEK 293T (human embryonic kidney cells, female) and A549 (human lung
epithelial cells, male, age 58) were purchased from American Type Culture Collection

(ATCC) and cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco)
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supplemented with 10% (v/v) fetal bovine serum (FBS, Gibco) and 1% (v/v) penicillin-
streptomycin (Gibco).

All cell cultures were maintained at 37 °C in a humidified 5% CO2 incubator. Purchased
cell lines were authenticated by the respective vendor and were not validated further in
our laboratory. Cell lines obtained and validated by other groups were not further
authenticated.

Viruses. West Nile virus (strain NY99) was obtained from BEI Resources (#NR-158)
and propagated in Vero cells as previously described [166].

Plasmids and Reagents. ZIKV NS3 (strain H/PF/2013), DENV NS3 (strain NGC),
WNV NS3 (strain NY99) and YFV NS3 (strain 17D) were subcloned using as templates
plasmids expressing the respective constructs as GST-fused proteins [46, 47] into the
pcDNAS3.1+ vector together with an N-terminal FLAG-tag using the restriction sites Nhel
and BamH1. FLAG-tagged WNV NS3 K389R was generated by site-directed
mutagenesis using ‘Round-the-horn cloning. Transfections were performed using linear
polyethylenimine (1 mg/mL solution in 20 mM Tris pH 6.8; Polysciences), Lipofectamine
and Plus reagent (Life Technologies), or Lipofectamine 2000 (Life Technologies)

following the manufacturer’s instructions.

Anti-FLAG M2 agarose affinity gel (Sigma), Glutathione Sepharose 4B resin (GE Life
Sciences), magnetic A/G beads (Pierce) or agarose A/G beads (Pierce) were used for
respective pull down and immunoprecipitation assays. Protease inhibitor cocktail (Sigma,;
#P2714) was added at a concentration of 1:50 to cell lysates for all pull down and

immunoprecipitation assays. Deacetylase inhibitor cocktail (Santa Cruz; sc-362323) was
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diluted in media at a concentration of 1:200 and added to cells 12 h pre-harvest and to
cell lysis buffer at the same concentration for all biochemical assays analyzing NS3
acetylation.

Cell Lysis and Co-immunoprecipitation. HEK293T and A549 cells were lysed in
Nonidet P-40 (NP-40) buffer (50 mM HEPES pH 7.4, 150 mM NaCl, 1% (v/v) NP-40, 1
mM EDTA, 1:50 protease inhibitor cocktail (Sigma)) and then centrifuged at 21,000 x g
for 20 min at 4°C. WCLs were taken post lysate clearance and the remainder was used
to perform GST or FLAG pull downs, immunoprecipitation, or co-immunoprecipitation
assays following protocols as previously described [161]. Briefly, lysates were incubated
with GST or FLAG beads for 4 h at 4°C, or incubated with specific antibodies overnight
at 4°C followed by pulled down with magnetic/agarose A/G beads for 2 h at 4°C. Following
pull-down or (co)immunoprecipitations, proteins were eluted from beads either by heating
samples in Laemmli SDS sample buffer at 95°C for 5 min. For experiments in which
FLAG-tagged NS3 was analyzed by IB with anti-acK, beads were or by incubated in 100
ug/mL FLAG peptide (Sigma; F3290) in TBS (10mM Tris HCL, 150mM NacCl, ph 7.4) for
1 h at 4°C.

Immunoblot Analysis and Antibodies. Purified proteins or whole cell lysates were
resolved on 8.5% or 10% Tris-Glycine-SDS PAGE gels (pH 8) and then transferred onto
a polyvinylidene difluoride (PVDF) membrane (Bio-Rad) for 1 h using a Wet Transfer
Chamber (Bio-Rad). Membranes were blocked in 5% (w/v) non-fat dry milk in PBS-T
(0.05% (v/v) Tween-20 in PBS) for 1 h at room temperature, followed by primary antibody
incubation overnight at 4°C. Following primary antibody incubation overnight at 4°C, blots

were probed with HRP-conjugated secondary antibody (CST; #7074S and #7076S) for 1
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h at room temperature. Proteins were visualized using SuperSignal West Pico or Femto
(Thermo Scientific) and imaged using either an ImageQuant LAS 4000 Chemiluminescent
Image Analyzer (General Electric) or Amersham ImageQuant 800 (Cytiva). Primary
antibodies used (at a dilution of 1:1000 unless otherwise indicated) for immunoblot
include: anti-FLAG (1:2000; Sigma; #F1804), anti-B-actin (1:5000; GeneTex;
#GTX629630), anti-acetyl-lysine (acK) (CST; #9814), anti-acetyl-lysine (acK) (Santa Cruz
Biotech; # AKL5C1), anti-WNV NS3 (Invitrogen; #PA5-111984), and anti-KAT5 (Santa
Cruz Biotech; #sc-166323).
Virus infections and Titer analyses. Infection experiments were performed and
processed as described previously (42). Briefly, A549 cells were incubated with WNV at
the indicated MOI in serum-free media for 2 h, followed by incubation in complete media
for the indicated times.

Plaque assays to determine viral titers were performed as described previously
(42). Briefly, supernatants of infected cells were serially diluted in serum-free media and
incubated on a confluent monolayer of Vero cells for 2 h, followed by removal of infection
media and addition of 1% (w/v) low melting agarose (Lonza; #50101) mixed 1:1 with 2X
MEM (described in detail in (42)). Plaques were analyzed after 3-5 days by removing the
agar overlay and fixing cells with 2% (w/v) PFA in PBS for 30 min at room temperature,
followed by staining with crystal violet in 20% (v/v) methanol. Plaques were counted and
reported as PFU/mL, calculated as number of (plaques/well) x (dilution factor)/(infection
volume).
Gene silencing using siRNA. Transient gene silencing was achieved by reverse

transfecting cells with 60-120 uM of gene-specific SIGENOMe SMARTpool siRNAs
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(Dharmacon) using RNAiMax transfection reagent (Invitrogen), according to the
manufacturer’s instructions. The non-targeting SIRNA (SIGENOME Non-Targeting siRNA
Pool #2, D-001206—14-05) was used as a control. The siRNA targeting KAT5 was ordered
from Dhamacon (SiIGENOME M-006301-01-0010). A custom pool of siRNAs, generated
by Dharmacon, was used to target the KAT5 exon, with sequences (1) 5'-
GCGGGAAGACCTTGCCAAT-3" (2) 5- TCCCGGTCCAGATCACACT-3" (3) 5-
GAGCGGGAGGCCATTCCCG-3' (4) 5-GCAGCCCAACCACCGCTCA-3. A custom
siRNA to target the KAT5 intron was generated by Dharmacon with the sequence: 5'-
AGGGGAGGTGGGTAGAGCC-3..

Quantification and Statistical Analysis. All data were presented as means + SD and
analyzed using GraphPad Prism software (version 7). An unpaired two-tailed Student’s t-
test (P < 0.05 was considered statistically significant) were used as indicated in the
respective legends. Pre-specified effect sizes were not assumed and three biological

replicates (n) for each condition. Data were reproduced in independent experiments as

indicated in the legends for each figure.
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CHAPTER 5

CONCLUSIONS
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5.1 Overview of Results

In this dissertation, we have demonstrated that ZIKV NS3 is post-translationally
acetylated at residue K389 by the host lysine acetyltransferase KAT5y, which modulates
the RNA binding and unwinding activities of the helicase domain. This regulation by
acetylation plays a proviral, regulatory role for the virus to achieve efficient replication.
Moreover, we found that KAT5-mediated acetylation of NS3 and control of viral replication

is conserved in the related flavivirus WNV.

In Chapter Il, we identified ZIKV NS3 as a target for host-mediated post-
translational acetylation. Further, we described a mechanism whereby acetylation of ZIKV
NS3 at residue K389 within its helicase domain controls its RNA binding and unwinding

activities, and thereby allows for successful viral replication.

e ZIKV NS3 is post-translationally acetylated during overexpression at six lysine
residues, and during authentic infection at two of these six lysine residues.

e ZIKV NS3 K389, within the RNA binding tunnel of the helicase domain, is robustly
acetylated during overexpression and authentic infection.

e Mutation of ZIKV NS3 K389 to a “non-acetylated” arginine residue enhances the
RNA binding ability of ZIKV NS3, while mutation to a “hyper-acetylated” glutamine
abrogates RNA binding.

e Reduced or too tight RNA binding by mutation of ZIKV NS3 K389 to arginine or
glutamine, respectively, correlates with diminished helicase-mediated dsRNA

unwinding activity of both NS3 mutants.
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e Generation of recombinant ZIKV encoding a NS3 K389R or K389Q mutant protein
revealed that mutation of K389 to either residue reduced viral replication,
suggesting that K389 acetylation serves a proviral, regulatory role.

e Mutation of K389 does not affect other proviral functions of the ZIKV NS3 protein,

such as protease activity, NS5 binding, or antagonism of the RIG-I response.

In Chapter Ill, we demonstrated that KATS5 is the acetyltransferase responsible for
regulating NS3 activity by direct acetylation. Moreover, we determined that only the
KAT5y isoform is responsible for NS3 binding and acetylation as well as for promoting

viral replication.

e Several acetyltransferases regulate ZIKV replication, as determined by an
unbiased RNAI screen.

e KATS5, and not any of the other proviral candidate acetyltransferases, catalyzes
acetylation of ZIKV NS3 at K389.

o KATS5 is required for efficient viral replication across several ZIKV-permissive cell
types.

e ZIKV replication is strikingly restricted after treatment of cells with the small
molecule KAT inhibitor anacardic acid.

e Only one isoform of KAT5, KAT5y, binds to NS3 during overexpression and
authentic infection.

e Acetylation of ZIKV NS3 and viral replication are reduced only in conditions of

KAT5y silencing, but not during silencing of the KAT5L/KATa isoforms.

135



o KATbSy is required for ZIKV replication but not for replication of the RNA viruses
EMCV and VSV.

e Ectopic expression of KAT5y enhances ZIKV NS3 acetylation at K389 and reduces
the unwinding capacity of the helicase.

e A construct expressing a dominant-negative form of KAT5y reduces ZIKV NS3
acetylation at K389 and viral replication, in a dose-dependent fashion.

e KAT5 gene and protein expression is not induced by ZIKV infection.

e KATS5 and KAT5y are expressed across a wide variety of cell types.

e KAT5y localizes to ER-membrane derived replication complexes during ZIKV

infection.

In Chapter IV, we showed that NS3 acetylation by KAT5 is conserved in the related
flavivirus WNV. Moreover, we found that KAT5y is required for successful WNV

replication.

e WNV NS3 is acetylated to a similar degree as ZIKV NS3, while DENV and YFV
NS3 proteins are much less acetylated under the conditions tested.

e The major acetyl-lysine site, K389, in NS3 is conserved across many ZIKV and
WNV strains.

e Mutation of WNV NS3 K389 results in reduced NS3 acetylation, suggesting
conservation of K389 as an acetylated site.

e WNV NS3 is acetylated during authentic infection of A549 cells.

e WNV NS3 binds to only one isoform of KAT5 during overexpression conditions

and authentic infection, which corresponds to the size of KAT5y.
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e WNV NS3 acetylation is reduced during KAT5 silencing.

e Silencing of KAT5y reduces WNV replication.

Taken together, our results demonstrate a previously uncharacterized mechanism
promoting successful flavivirus replication. Disruption of the proviral regulatory function
of NS3 acetylation by mutation of K389 or through silencing of the responsible
acetyltransferase, KAT5y, strikingly reduced viral replication. This finding identifies a
novel host factor for flavivirus replication, providing an exciting target for potential antiviral

drug design.

5.2 Concluding remarks and future directions
5.2.1 Potential mechanisms of KAT5y targeting for antiviral therapy

The reliance on KAT5y for successful viral replication provides a potential novel
target for antiviral therapeutics. The first step to determine whether KATS5 inhibition is a
potentially effective antiviral target is to conduct preclinical studies, which are typically
carried out using mouse models of infection. While the available ZIKV mouse models
rely on type | IFN deficient animals, WNV readily infects wildtype mice and induces
human-like clinical symptoms. Therefore, a WNV mouse model provides a way to study
the effect of KAT5 inhibition on WNV restriction in vivo. Of note, the four human KAT5
isoforms are also present in mice, in addition to two unique isoforms (Fig. 5A, B). The
mouse-specific transcript 4-encoded TIP55 isoform, which is not detected by the pan-
KAT5 antibody used throughout this study, has been shown to be important for neuronal
development in mouse embryos [131], while the transcript 1-encoded KAT5a isoform has
been shown to have a conserved role in DNA damage and transcriptional regulation from

mice to humans [201, 202]. As is the case for human KATS5, the other mouse KAT5
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isoforms have not been extensively functionally characterized. However, we have shown
that the custom KATS5 intron-targeting siRNA used to target human KAT5L/y also reduces

the protein expression of the mouse KAT5L/y in mouse fibroblast cells (Fig. 5C).

anti-KAT5

AN

Transcript 1 (KAT5a) EEXelgk exon2 fjexon3 | exon4 | exon5 exon6-14

Transcript 2 (KAT5p) K2l exon2 f exon3 @ exon4 exoné-14
Transcript 3 (KAT5y) exon2 f exon3 fl exon4 exon6-14

A Mouse KATS5 transcripts

Transcript 5 exon2 f§ exon3 f exon4 exon6-14
Transcript 6 (KAT5L) exon2 flexon3 | exon4 @ exons exon6-14
B o

o

~

&P

o ¥

(kDa) (kDa) 2

()
i ‘ RATES
50— AT [wel

< wCL i
50— , 7 —— actin
~ 4Transcript 5

— s ammn  ACtIN

37—

Figure 5.1 KAT5 isoforms in mice and targeting of the mouse KATS5 intron.

(A) Schematic depiction of the six KAT5 isoforms identified in mice.

(B) Comparison of KAT5S protein isoforms in human A549 cells and mouse Hepal-6 and
L929 cells, determined by IB of WCLs using an anti-KAT5 antibody and anti-Actin
(loading control).

(C) Silencing of the KAT5L/y isoforms in mouse L929 cells that were transfected with
either si.C or si.KAT5L/y for 30 h, determined by IB of WCLs using an anti-KAT5
antibody and anti-Actin (loading control).
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The ability to silence these isoforms by siRNA provides a mandate for the design
of molecules that silence these isoforms in vivo by RNA interference, in order to test the
effect of KAT5y silencing on WNV replication in a physiologically relevant model. Most in
vivo silencing studies utilize lentivirus or adeno-associated virus (AAV) as a vector for
delivery of shRNA into the desired tissue of mice [203, 204]. In the case of flavivirus
infection, several studies have successfully delivered effective naked shRNA-encoding
plasmids [205] and shRNA-packaged lentiviruses and AAVs [206] into the brains of mice
by intracranial injection. Once silenced, mice are infected with virus and viral replication
and/or pathogenesis are assessed by various measures, such as survival curves and viral
titering in mouse organs [205, 206]. In terms of KAT5y shRNA design, there aren’t many
options, as this region is only 100 bp long and contains a highly G/C rich sequence. These
features may prevent the downstream processing of shRNAs into the siRNAs utilized to
silence KAT5L/y. Outside of shRNA delivery, there have been several studies that directly
introduce siRNA into the brains of mice for flavivirus replication studies [207, 208]. These
methods would allow for direct intranasal delivery of a naked or neuronal peptide-
conjugated KATS5L/y—targeted siRNA into the brains of mice, allowing for subsequent
WNV infection and viral replication assays. However, the feasibility of these silencing
approaches are a topic of future research.

In addition to RNA interference, multiple small molecule KAT5 inhibitors have been
characterized in the literature. These inhibitors target either the acetyltransferase domain,
which is conserved across MYST family KATs (KAT5, KAT6A, KAT6B, and KAT7), the
bromodomain, which is conserved across bromodomain-containing KATs (KAT5, KAT2A,
KAT2B, KAT3A, and KAT3B), or the acetyl-CoA binding domain, which is weakly
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conserved across a variety of KATs [209]. We show herein that anacardic acid, which
targets the KATS acetyl-CoA binding domain, reveals striking restriction of ZIKV
replication. However, since this inhibitor also weakly targets KAT3A, KAT3B, and KAT2A,
a more specific inhibitor is required for further development against flaviviruses.
Moreover, given the nuclear epigenetic role of KAT5S within cells and organisms, the
potential for ER-targeting of small molecule KATS inhibitors would greatly enhance the
specificity for KAT5y inhibition, potentially avoiding interference with the gene regulatory
roles of nuclear KAT5a. While many strategies for organelle-specific targeting of drugs
have been described [210], these have not yet been applied to KAT inhibitors, including
those that target KATS5.

In addition to organelle-specific targeting, organ-specific targeting of morpholino-
based inhibitors has been achieved. These peptide-conjugated phosphorodiamidate
morpholino oligomers (PPMOs) function by linking a small peptide onto a morpholino.
Most of these small molecules allow for delivering morpholinos to specific organs, such
as the spleen, liver, and lungs. Morpholinos function at the mRNA level, by binding to
transcripts and preventing their translation [211]. Whether KAT5 can be specifically
targeted by morpholinos has not yet been tested, and represents a future direction for
potential in vivo KAT5y-targeting studies.

5.2.2 Pan-viral helicase regulation by acetylation

Herein, we report the first viral helicase whose RNA binding and unwinding
activities have been shown to be regulated by acetylation. Since nearly all RNA viruses,
and some DNA viruses, encode their own viral helicase enzymes, it will be interesting to

test whether other viral families utilize acetylation to regulate their helicase function [212].
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Besides the conceptual novelty, this study developed the first optimized assays for
quantifying flaviviral RNA binding and unwinding by mammalian-purified viral helicases,
in which the acetylation state is maintained, thereby providing a protocol for testing these
functions in other viral helicases. Moreover, other RNA binding proteins/enzymes, such
as nucleoproteins and viral polymerases, may also be regulated by acetylation, in a
manner akin to that of the flavivirus NS3 helicase. In general, post-translational
acetylation is a highly understudied mechanism for controlling viral replication, despite
the abundance of knowledge regarding the host enzymes responsible for adding and
removing this modification in the context of cellular protein acetylation. Our work shows
that many human KATs can control ZIKV replication through as-of-yet unknown
mechanisms. This family of enzymes, in addition to deacetylase enzymes, thereby
represents a panel of potential host factors that support or restrict viral replication.
5.2.3 Emerging flaviviruses and pandemic potential

The emergence of ZIKV in South America in 2015 in which a naive human
population was exposed to a previously-considered largely asymptomatic virus,
exemplifies flaviviruses as an epidemic — and potential pandemic — threat. With increasing
global travel, urbanization, and encroachment into sylvatic habitats, the chance for
exposure to novel pathogens is rising. For example, Spondweni virus (SPOV), closely-
related to ZIKV, has been shown to cause serious disease including vascular leakage
and shock in some clinical patients. However, its epidemic potential was considered
relatively low given its transmission cycle involving mosquito vectors that rarely feed on
humans. However, in 2016, SPOV was isolated from a human-feeding mosquito vector

in Haiti, confirming the potential risk of this virus to spread to the human population. Usutu
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virus, closely-related to WNV, and llheus and Rocio viruses, closely-related to JeV,
represent additional epidemic flavivirus threats, as they cause human disease similar to
their related flavivirus cousins, but may not be restricted by developing and marketed
vaccines against WNV and JeV [1].

In addition to newly emerging flaviviruses, re-emergence of known flaviviruses that
can cause severe diseases also threatens the global population. For example, despite an
effective YFV vaccine, only populations where this virus is endemic are vaccinated
against this virus. Additionally, the presence of a non-human primate reservoir prevents
the option of eradication through vaccination, as is the case for many flaviviruses [1]. If
YFV infection were to reach naive populations, the prevention of an epidemic would rely
on rapid upscale of vaccine production and distribution to prevent its transmission.

The epidemic risk of flavivirus transmission doesn’t only rely on reaching naive
populations, but also on genetic changes that may enhance pathogenicity of the virus, as
exemplified by the ZIKV epidemic. Genetic changes in the Asian lineage of ZIKV,
responsible for the 2013 epidemic in Micronesia and 2015 epidemic in South America,
have contributed to enhanced pathogenicity compared to viruses of the African lineage.
For example, a single serine-to-asparagine mutation (S139N) in the prM protein has been
attributed to enhanced ZIKV infectivity of neuroprogenitor cells, and thus microcephaly,
in neonatal mice [213]. Additionally, a single A188V mutation in the NS1 protein was
shown to prevent TBK1 and IFN-B mediated restriction of ZIKV, promoting ZIKV
replication and transmission [214]. Therefore, mutations that change virus tropism or its
ability to evade immune responses may drive re-emergence of novel pathogenic variants

of ZIKV and other flaviviruses.
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The potential for emergence and re-emergence of flaviviruses mandates the
development of anti-pan-flaviviral therapeutics. Herein, we identify the host factor KAT5y
as a potential antiviral target required for both ZIKV and WNV replication. It will be an
exciting avenue of future research to test the role of KAT5y-mediated NS3 acetylation in
the replication of various emerging flaviviruses, which may extend the therapeutic

repertoire of KAT5y-targeting antiviral drugs.
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