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ABSTRACT OF THE DISSERTATION

Ubiquitination and RNA Binding

in the Host Antiviral Response to Alphaviruses

Emily Yang
Doctor of Philosophy in Molecular Biology
University of California, Los Angeles, 2022

Professor Melody M. H. Li, Chair

Humanity is plagued by myriad viruses, most of which have no vaccines nor antiviral
therapeutics. In order to address this pressing need and stave off future viral pandemics, basic science
is required to illuminate both virulence determinants and host defenses. Alphaviruses are arthropod-
borne, positive-sense RNA viruses that can cause febrile rashes, debilitating arthritis, and
encephalomyelitis, which can prove fatal. The acute phase of their infection is controlled by the type
I interferon (IFN) response, wherein host detection of invading pathogens induces expression of IFN
and subsequent IFN-stimulated genes (ISGs) to establish an antiviral environment. In this dissertation,

I present a study on the roles of ubiquitination and RNA binding in antiviral mechanisms utilized by
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two ISGs, the ubiquitin E3 ligase tripartite motif-containing protein 25 (TRIM25) and the RNA CpG

sensor zinc finger antiviral protein (ZAP), to restrict alphavirus translation.

While both TRIM25 and ZAP are potent antiviral factors individually, whether through direct
or indirect means of viral inhibition, attention has turned in recent years to their cooperative inhibition
of varied viruses. Previous work done by our lab suggests that TRIM25-mediated ubiquitination is
essential for ZAP inhibition of alphavirus translation, but the exact substrates that mediate this
antiviral activity are unknown. Moreover, not only do both TRIM25 and ZAP bind RNA, but also
RNA binding is critical to their cellular function. For TRIM25, RNA binding stimulates its ligase
activity; for ZAP, RNA binding is required for its detection and inhibition of viral RNA. However,
the requirement for ZAP and TRIM25 RNA binding in their synergistic inhibition of viral translation

remains unknown.

Here, we utilized a “substrate trapping” approach to elucidate TRIM25 ubiquitination
substrates involved in diverse and antiviral cellular processes. We generated a point mutation in the
TRIM25 RING catalytic domain that abolishes TRIM25 ligase activity and traps substrates, enabling
us to identify and characterize bona fide TRIM25 substrates involved in translation and nucleic acid
metabolism. Moreover, our results suggest that several of these substrates contribute to TRIM25
antiviral activity. Together, these findings lay the groundwork for understanding how TRIM25-
mediated ubiquitination of diverse substrates may modulate translation, nucleic acid metabolism, and

antiviral activity.
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We also characterized the effects of ZAP and TRIM25 RNA binding on inhibiting viral
translation. We demonstrate that mutations affecting ZAP RNA binding to CpG motifs significantly
impact its ability to restrict viral replication and translation, and that the ability of ZAP to bind viral
RNA is significantly negatively correlated with its ability to associate with TRIM25. These results
suggest that ZAP RNA binding and interaction with TRIM25 may form two distinct determinants

for ZAP antiviral mechanisms dependent on the viral context.

Finally, I conclude with our collaborative work in characterizing the ability of novel antifusion
peptides induce positive Gaussian curvature, thus remodeling membranes and restricting alphavirus
replication. The work presented in this dissertation represents a multifaceted examination of the
multiple determinants of TRIM25 and ZAP antiviral activity against alphaviruses, and includes a

forward-looking development of antiviral therapeutics.
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Chapter 1

How to TRIM and ZAP alphaviruses



INTRODUCTION

The COVID-19 pandemic highlights the pressing need for basic virology research to identify
conserved virus-host interactions that can be readily harnessed to combat emerging viruses (Huang ez
al, 2019; Wang and Anderson, 2019; Pierson and Diamond, 2020). Given the rapid replication and
mutation rate of most RNA viruses (Dufty, 2018; Domingo ez a/, 2021), developing therapeutics that
target viral factors may not prove to be an effective solution. On the other hand, boosting existing
innate antiviral cellular defenses may allow for the development of pan-antiviral therapeutics that
target the initial, acute phase of viral infection. Mammalian cells rely on the type I interferon (IFN)

response as the first line of defense against all invading pathogens.

This work explores the roles of ubiquitination and RNA binding in combatting alphavirus
infection. Specifically, I endeavor to examine the mechanisms by which the IFN-stimulated genes
(ISGs) tripartite motif-containing protein 25 (TRIM25) and zinc finger antiviral protein (ZAP)
inhibit alphavirus infection. Alphaviruses are ideal for our study of TRIM25 and ZAP antiviral activity
given their sensitivity to type I IFN (Ryman ez a/, 2000; Carpentier and Morrison, 2018), their
restriction by both TRIM25 and ZAP (Bick ez a/, 2003; Li ez al, 2017; Zheng et al, 2017), and their
importance as a class of emerging RNA viruses filled with pandemic potential (Kraemer ez a/, 2019;

Messina ez al, 2019).

The alphavirus section relies heavily on Fields Virology (6™ ed.) and Principles of Virology (4"
ed.) (Kuhn, 2013; Flint ez 2/, 2015). The antiviral innate immunity, TRIM25, and ZAP sections are
adapted from our published review on interferon-stimulated genes that inhibit viral replication in an

RNA-centric manner; for more information, see Appendix 1 (Yang and Li, 2020).
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ALPHAVIRUSES

Alphaviruses (genus Alphavirus, family Togaviridae) are enveloped, positive-sense single-
stranded RNA ((+) ssRNA) viruses (Flint ez 2/, 2015). Alphaviruses are composed of 32 species that
infect humans, vertebrates, and fish, broadly grouped into Old World and New World alphaviruses.
These include several important human pathogens, wherein the Old World alphaviruses can cause
fever, rash, and debilitating arthritis, while the New World alphaviruses can cause encephalomyelitis
and in rare occasions, death (Ryman and Klimstra, 2008; Weaver ez a/, 2012). Perhaps more
importantly, alphaviruses possess pandemic potential. Completion of infection cycles requires
transmission by arthropods such as mosquitos and ticks, whose distributions and spillover potential
continue to expand as a result of increasing global temperatures, urbanization, and increased
intercontinental travel (Weaver and Lecuit, 2015; Lau ez 2/, 2017; Kraemer ez a/, 2019; Messina et al,

2019). No antiviral therapeutics for alphavirus infection are currently approved.

Genome organization

Alphavirus genomes are 11.4-11.8 kb in length and consist of two main segments: the
nonstructural proteins (nsPs) essential for replication, making up the 5’ two-thirds of the genome, and
the structural proteins, which make up the last 3’ third of the genome (Figure 1A) (Kuhn, 2013). The
nonstructural proteins are composed of nsP1 (capping and membrane association), nsP2 (NTPase,
helicase, RNA triphosphatase, and protease), nsP3 (mediation of multiple virus-host protein-protein
interactions), and nsP4 (RNA-dependent RNA polymerase) (Kuhn, 2013; Goétte ez a/, 2018). Many
reporter viruses make use of the hypervariable domain within nsP3, which tolerates insertion of large

genes such as luciferase and GFP (Gotte er a/, 2018). The structural proteins are composed of the
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Figure 1. Alphavirus genome and proteins.

(A) Organization of an alphavirus genome. Replication proteins are depicted in shades of red, and structural
proteins in shades of orange. PE2 is the precursor E2 protein, composed of E3 and E2. UTR, untranslated
region; nsP, nonstructural protein. (B) Alphavirus replication and structural polyproteins. MTase, methyl
transferase; RdRp, RNA-dependent RNA polymerase. Adapted from Fields Virology 6" ed., Vol I, Figure 22.4.
Coloring of proteins as denoted in (A).

capsid (C), followed by E3-E2-6K/TF-E1, where E3, E2, and E1 are glycoproteins. E3 and E2 are
grouped together as a precursor to E2, referred to collectively as PE2 (Figure 1). The nonstructural
and structural proteins are encoded as two separate open reading frames and translated as polyproteins,

which will be discussed in more detail in subsequent sections.

The alphavirus life cycle (Figure 2) broadly consists of: attachment, entry, and uncoating (steps
1-2), translation of non-structural proteins (steps 3-4), transcription and genome replication (steps 5-
7), translation and processing of structural proteins (steps 9-10), and finally, assembly, budding, and

release (steps 11-14).
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Figure 2. Alphavirus single-cell replication cycle.

(1) The virion binds to a cellular receptor and is endocytosed. (2) Acid-mediated fusion results in subsequent
uncoating and release of the (+) genomic RNA (gRNA). (3) The gRNA is translated to form the replication
polyprotein P1234, which is (4) sequentially cleaved by the nsP2 protease to form the viral replication complex.
Genome replication and transcription occur at cytopathic vacuoles. (5) gRNA is first transcribed into full-length
(=) RNA, which is then transcribed into (6) gRNA and (7) subgenomic RNA (sgRNA) from the sg promoter only
accessible on the (-) strand. (8) sgRNA is translated into the structural polyprotein, including the capsid, which
self-cleaves to reveal a hydrophobic ER targeting sequence. (9) The remainder PE2-6K-E1 structural
polyprotein enters the secretory pathway. (10) Processed E2-E1 glycoprotein heterodimers are transported to
the plasma membrane. (11) The capsid and gRNA form nucleocapsids and migrate to the cell membrane, (12)
associating with viral glycoproteins. (13) An envelope is acquired by the nucleocapsid by budding, resulting in
(14) final release of viral particles. Adapted from Principles of Virology 4" ed., Vol I, Figure 34.
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Attachment, entry, and uncoating

The enveloped alphaviruses are arranged with icosahedral symmetry, displaying the
glycoproteins E1 and E2 on their surfaces. These are arranged as 80 trimer spikes of E1-E2
heterodimers, with the 240 total proteins interacting with 240 capsid proteins (Griffin, 2013). The
E1-E2 spikes are responsible for interacting with host cell receptors to mediate attachment and entry.
Several alphavirus receptors have been identified, including NRAMP2, Mxra8, LDLRAD3, VLDLR
and ApoER2 (Rose e al, 2011; Zhang et al, 2018; Ma et al, 2020; Clark ez al, 2022). The E2

glycoprotein functions in receptor attachment, while E1 functions in membrane fusion.

Following receptor-mediated attachment to the host cell, alphaviruses undergo clathrin-
dependent endocytosis to enter the cell. The acidic pH within endocytic vesicles destabilizes the E1-
E2 heterodimer, dissociating the two proteins and exposing the E1 fusion peptide. Mechanisms of
viral fusion are categorized into three classes of viral fusion proteins; alphaviruses employ class II viral
fusion proteins (Rey and Lok, 2018). Prefusion class II proteins are primarily composed of (3-sheets
and form a multimeric assembly that encases the entire viral membrane, in contrast to the class I
prefusion independent trimers composed of long a-helices (Rey and Lok, 2018). Cholesterol-
dependent insertion of the E1 fusion peptide into the host membrane induces membrane curvature
and subsequent fusion, resulting in release of the nucleocapsid core into the host cytoplasm.

Mechanisms of core disassembly and genome uncoating remain largely uncharacterized.

Translation of non-structural proteins

The (+) ssRNA alphavirus genome resembles host mRNA, possessing a 5’ cap, and is able to

be immediately translated. The nsPs are translated first as two different polyproteins, P123 and P1234;
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an opal stop codon between nsP3 and nsP4 is read through 10-20% of the time, resulting in a smaller
proportion of P1234, which contains the RdRp nsP4. The nsP2 protease cleaves P1234 between nsP3

and nsP4 in c¢is, generating a preliminary replication complex composed of P123 and nsP4 (Figure 3).

Transcription and genome replication

The replication complex P123 + nsP4 preferentially synthesizes full length negative-sense (-)
strands (Figure 3). However, once enough copies of P123/P1234 have been translated, nsP2 is able to
cleave at the nsP1-nsP2 and nsP2-nsP3 junctions in #zrans. These cleavages generate the mature
replication complex of completely processed nsP1, nsP2, nsP3, and nsP4, which is able to efficiently
synthesize (+) strands (Figure 3). Replication complexes form initially on the plasma membrane,

inducing spherule formation, and are found on cytopathic vacuoles later in infection.
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Figure 3. Synthesis of alphavirus RNA.

Alphavirus (+) gRNA is transcribed to the full-length (=) RNA by the partially processed replication complex (RC)
P123/nsP4. As more nonstructural proteins are translated, cleavages by nsP2 in trans completely process the
nonstructural polyprotein, producing the mature nsP1/nsP2/nsP3/nsP4 RC. The mature RC preferentially
synthesizes (+) RNA, transcribing both the full-length gRNA and the shorter sgRNA from the 3’ third of the
genome. Synthesis of SgRNA utilizes the sg promoter (red arrow), which is only accessible from the (-) strand
intermediate. Adapted from Principles of Virology 4" ed., Vol I, Figure 33.



Translation and processing of structural proteins

Structural proteins are translated as a single polyprotein from the subgenomic RNA (sgRNA),
whose promoter is only accessible from the (-) strand (Figure 3, red arrow). Synthesis of sgRNA occurs
at approximately three times the level of the genomic RNA (gRNA). Due to the carefully regulated
availability of differing replication complexes, sgRNA synthesis and subsequent translation of
structural proteins only occur late within the alphavirus life cycle. The capsid self-cleaves from the
remainder of the structural polyprotein, exposing an endoplasmic reticulum (ER) signal sequence
which translocates the envelope proteins (PE2-6K-E1) into the ER for further processing and post-
translational modifications. Within the ER, PE2 and E1 are glycosylated and heterodimerize with one
another. Oligomerization of PE2 and E1 allow them to exit the ER and traverse the trans-Golgi
network to reach the plasma membrane. E3 is cleaved from PE2 by furin within the trans-Golgi
network to generate the completely processed E2-E1 heterodimer, which embeds into the plasma

membrane.

Assembly, budding, and release

Following its self-cleavage, the capsid associates with gRNA to assemble viral nucleocapsids.
These nucleocapsids migrate to the plasma membrane where E2-E1 spikes are embedded, facilitating
the interaction of capsid proteins with E2 cytoplasmic tails for final assembly. Budding of the
nucleocapsid at the E2-E1 studded plasma membrane provides an envelope for new virions, which are

subsequently released.



Reporter viruses

Many different reporter alphaviruses have already been developed, facilitating our examination
of viral replication and translation. A reporter virus contains insertion of a foreign gene into the viral
genome, expression of which is easily visualized or measured. As the virus replicates itself, the foreign
gene is copied alongside the viral genome, thereby providing a direct measure of, and “reporting” on,
the amount of ongoing viral replication within the cell. In alphaviruses, reporter genes are typically
inserted into the nsP3 hypervariable C-terminal domain which readily tolerates large insertions (Gotte

et al, 2018).

Our study utilizes reporter viruses containing firefly luciferase, which emits bioluminescence,
or green fluorescent protein. We also utilize a replication-deficient, temperature-sensitive luciferase
reporter virus that is unable to replicate at the non-permissive temperature of 40°C (Rice ez al, 1987;
Bick ez al, 2003). For this virus, all luciferase activity represents translation of the incoming viral

genome, making it an ideal tool to study TRIM25 and ZAP inhibition of viral translation.

ANTIVIRAL INNATE IMMUNITY

Alphavirus infections are controlled by host innate immune defenses; specifically, by the type
I interferon (IFN) response (Carpentier and Morrison, 2018). The type I IFN response can largely be

split into two phases: pathogen sensing and IFN-stimulated gene (ISG) production (Figure 4).

Hosts possess sensors which recognize pathogen-associated molecular patterns (PAMPs) of
invading viruses. The primary PAMP for alphaviruses is its RNA, distinguished from host RNA
primarily via its 5’-triphosphate motifs and long double-stranded RNA (dsRNA) intermediates. RNA-

based PAMPs are sensed by Toll-like receptors (TLRs), RIG-I-like receptors (RLRs), Nod-like
9



receptors (NLRs), and C-type lectin receptors (CLRs) (Bottermann and James, 2018; Carpentier and
Morrison, 2018). The RLRs retinoic acid-inducible gene I (RIG-I) and melanoma differentiation-
associated gene 5 (MDAS5) are RNA helicases able to sense foreign RNA in the cytoplasm (for a
comprehensive review on distinguishing self from non-self nucleic acid, see Schlee and Hartmann,
2016). Upon activation, RIG-I and MDAS5 interact with and activate the mitochondrial antiviral
signaling protein (MAVS), which multimerizes and initiates downstream activation of the

transcription factors IFN-regulatory factors 3 or 7 (IRF3/7) and nuclear factor kappa-light-chain-
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Figure 4. Alphavirus infection is controlled by the type | interferon response.

Upon entry of the host cell, alphavirus virions uncoat and translate their genomic RNA, which is positive-sense
single-stranded ((+) ssSRNA). Replication proteins generate a full-length negative-sense copy of the viral genome
((-) ssRNA). Viral RNA is sensed by the RNA sensors RIG-I and MDAS5, which signal through MAVS to activate
the transcription factors interferon regulatory factor (IRF) 3 / IRF7. These factors translocate to the nucleus to
induce expression of interferon (IFN) and a subset of IFN-stimulated genes (ISGs). IFN traffics out of the cell,
signaling in an autocrine and paracrine fashion through the type | IFN receptor, IFNAR. Subsequently, IFNAR
signals through the JAK-STAT pathway, inducing formation of the phosphorylated transcription factor complex
IFN-stimulated gene factor 3 (ISGF3). ISGF3 binds to IFN-stimulated response elements (ISREs) to induce
expression of IFN-stimulated genes (ISGS).
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enhancer of activated B cells (NFkB). As a result, these transcription factors translocate to the nucleus

to activate expression of type I IFN and other proinflammatory cytokines.

Type I interferon response

The type I IFN receptor is expressed ubiquitously on almost all cell types, allowing for IFN
signaling in both infected and neighboring cells that are uninfected. Janus kinase-signal transducer
and activator of transcription (JAK-STAT) is the predominant, canonical pathway that regulates ISG
transcription. IFN binding to its cell surface receptor, comprised of IFN-a receptor 1 (IFNART1) and
IFN-a receptor 2 (IFNAR2), leads to phosphorylation of the pre-associated JAKs, JAK1 and tyrosine
kinase 2 (TYK2). Phosphorylated JAK1 and TYK2 then phosphorylate IFNAR1/2, which recruits
STAT1/2 to be phosphorylated themselves. Phosphorylated STAT1/2 recruit IRF9 to form the
transcription factor complex IFN-stimulated gene factor 3 (ISGF3). ISGF3 translocates to the nucleus
where STATT1 is further phosphorylated for full activation. Within the nucleus, ISGF3 binds to IFN-
stimulated response elements (ISREs) present in ISG promoters, which then effect an antiviral cellular

environment (for a comprehensive review on IFN signaling, see Au-Yeung and Horvath, 2018).

Interferon-stimulated genes

Broadly speaking, an ISG is any gene whose expression is induced by IFN signaling. Advances
in RNA-sequencing (RNA-seq) technology have enabled the identification of ISGs across varied cell
lines by measuring changes in the transcriptome in response to IFN stimulation. The online database
INTERFEROME continues to catalog the results of such gene profiling studies (Rusinova ez a/, 2013).
However, ISG expression is more nuanced in reality. A subset of ISGs are direct targets of IRF3/7 and

can be induced with or without downstream IEN signaling (Au-Yeung and Horvath, 2018). Other
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ISGs are both basally expressed and IFN-inducible, while still others are cell-type specific (Schneider
et al, 2014; Schoggins, 2019). Moreover, there are three types of IFN, wherein type I and III are the
classic antiviral IFNs. Though type I and III IFNs bind to different receptors, they signal through the
same JAK-STAT pathway, thus inducing a shared array of ISGs. Still, type I and III IFN signaling
pathways are differentiated by expression kinetics and cell-type specific receptor expression (for a
comprehensive review, see Lazear ez a/, 2019). Tight regulation of ISG expression is necessary because
dysregulation of the type I IFN response results in interferonopathies or deleterious systemic

inflammation (Melki and Frémond, 2020).

In addition to regulating their own expression, ISGs are well known for their inhibition of
viral replication. They employ diverse mechanisms to block virtually every step of viral replication,
though ISGs have been shown to target different viral life cycle stages for different viruses (for a
comprehensive review on a broad range of antiviral ISGs, see Schoggins, 2019). For example, the
IFITM family blocks viral entry of diverse viruses (Liao ez a/, 2019) while the Mx GTPases recognize
diverse nucleocapsids and block their nuclear import (Haller ez 2/, 2015). TRIM5a disrupts retrovirus
uncoating and targets several viral proteins for proteasomal degradation (Ganser-Pornillos and

Pornillos, 2019). However, these only represent the tip of the iceberg.

Recent advances in systematic approaches have allowed for the unbiased discovery of ISGs
with previously uncharacterized antiviral activity. Compiled ISG libraries have facilitated focused loss-
of-function or gain-of-function screens of hundreds of ISGs, illuminating the contribution of

individual ISGs in varied viral contexts (Schoggins ez a/, 2011; Li ez al, 2013; OhAinle ez al, 2018;

Subramanian ez 4/, 2018). Furthermore, as advances in omics approaches allow examination of cellular
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changes on a systemic level, attention is shifting to how ISGs interact and even synergize with one
another (Schoggins ez al, 2011; Karki ez a/, 2012; Hubel ez a/, 2019). Moreover, detailed mechanistic
studies are still needed in order to unravel their mode of action. As ISGs may employ different antiviral
mechanisms against different viruses, studies in varied viral systems will illuminate how ISGs might

recruit different cellular pathways or factors.

Given that this dissertation focuses on the ISGs TRIM25 and ZAP, I will now present a brief
overview of each protein, discussing their history, cellular roles, and antiviral determinants and

mechanisms.

TRIM25

TRIM25, also known as estrogen-responsive finger protein (EFP), was first identified as an
estrogen-responsive gene via its binding to a genomic probe consisting of an estrogen receptor-binding
fragment (Inoue ez a/, 1993, 1995). Subsequent studies focused on its role as a primary estrogen-
responsive gene in breast cancer, capable of mediating cell and tumor growth (Ikeda ez 2/, 2000; Urano
et al, 2002; Suzuki et al, 2005). One potential mechanism for EFP in mediating cell growth is its
ubiquitination of the negative cell cycle regulator 14-3-30, thus targeting it for degradation (Urano ez
al, 2002). TRIM25 was then found to not only contain an ISRE but also to be stimulated by IFN,
sparking interest in its role in antiviral innate immunity (Nakasato ez a/, 2006). Shortly thereafter,
TRIM25 was demonstrated to ubiquitinate the dsRNA sensor RIG-I (Gack ez 4/, 2007), thus setting
off a series of studies examining the role of TRIM25 in viral infections. Two aspects of TRIM25

biology critical for its control of viral replication are its ligase activity and its ability to bind RNA.
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TRIMs and ubiquitination

TRIM25 is a RING E3 ligase, a member of the largest class of E3 ligases which share an N-
terminal catalytic RING domain. E3 ligases occupy the final step in cellular ubiquitination, a post-
translational modification which ligates ubiquitin, a -7 kDa protein, to an acceptor lysine on the
substrate. Monoubiquitination occurs if the ubiquitin C terminus is ligated to the substrate lysine;
modifying the N terminus or one of the seven lysines of a substrate-attached ubiquitin (Figure 5A)
can lead to polyubiquitination, wherein a polymeric ubiquitin chain is formed. Ubiquitination of a
protein can alter its cellular fate depending on the type of linkage (e.g. K48, K63), ranging from
proteasomal degradation to scaffold formation for assembly of cellular signaling complexes (Komander

and Rape, 2012). In order for ubiquitin to be ligated to an acceptor lysine, it must be sequentially
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Figure 5. The ubiquitin conjugation system.

(A) Structure of ubiquitin (PDB: 1UBQ) showing the seven Lys residues (blue) and Metl. Red spheres indicate
amino groups used in ubiquitin chain formation. (B) A ubiquitin forms a thioester bond (~) with the catalytic
cysteine (green) of a ubiquitin-activating enzyme (E1). E1 binds a ubiquitin-conjugating enzyme (E2) and
transfers its ubiquitin to the E2 catalytic cysteine to form E2~ubiquitin. A ubiquitin ligase (E3) recruits
E2~ubiquitin and substrate to transfer ubiquitin from E2 to a substrate lysine. E2 disengages from E3 upon
transfer, and E3 can bind another E2~ubiquitin to catalyze additional round(s) of substrate ubiquitination.
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activated by the E1 ubiquitin-activating enzyme, carried by the E2 ubiquitin-conjugating enzyme, and

finally ligated to an acceptor lysine by one of over 600 human E3 ligases (Figure 5B).

TRIMs are the largest group of RING E3 ligases and constitute an important family of proteins
in the type I IFN response (Rajsbaum ez 2/, 2014; Bottermann and James, 2018). There are over 70
human TRIM proteins, many of which are induced by type I IFN (Rajsbaum ez a/, 2014; Vunjak and
Versteeg, 2019). Interestingly, the rapid expansion of the TRIM family coincides with the
development of adaptive immunity, suggesting that TRIMs may have evolved to play a role in immune
regulation (Rajsbaum ez a/, 2014). These proteins typically possess three conserved domains at the N-
terminus: the catalytic RING domain, one to two B-box domains thought to function in higher order
oligomerization, and a coiled-coil (CC) domain that allows TRIMs to dimerize and potentially
oligomerize (Esposito ez al, 2017). The C-terminal domain of the TRIM family varies by subgroup;
TRIM25 is a member of the largest subgroup, IV, which possesses a PRY-SPRY domain thought to
mediate protein-protein interactions (Figure 6) (Rajsbaum ez a/, 2014). Most TRIMs either directly
inhibit viral replication by targeting viral components for degradation or indirectly inhibit by

modulating innate immune signaling (van Gent ez 2/, 2018; Hage and Rajsbaum, 2019).

TRIM25 RNA binding contributes to its ligase and antiviral activity

While well characterized as a ubiquitin E3 ligase, more attention has turned in recent years to
elucidating the role of RNA binding in TRIM25 ligase and antiviral activity (for a comprehensive
review, see Choudhury ez 2/, 2020). TRIM25 was first identified as an RNA binding protein in mRNA
interactome captures performed in HeLa cells (Castello ez 2/, 2012) and embryonic stem cells (Kwon

et al, 2013). Several groups have attempted to elucidate the TRIM25 RNA binding domain,
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Figure 6. TRIM25 domain structure.

Structural domains indicated as colored in rectangles. Grey line indicates unstructured regions. CCD, coiled-
coil domain; RBM, RNA-binding motif.

independently mapping it to a 39-amino acid sequence in the C-terminal PRY-SPRY domain (Castello
et al, 2016; Choudhury ez a/, 2017) and to a lysine-rich 7K motif in the linker between the CC and
PRY-SPRY domains (Figure 6, RBM) (Sanchez er a/, 2018). Analysis of TRIM25-bound RNA
revealed its preference for G- and C-rich sequences and for mRNAs and long intergenic noncoding
RNAs (Choudhury ez al, 2017). Furthermore, not only is TRIM25 RNA binding stimulated upon

alphavirus infection, but also TRIM25 binds directly to SINV gRNA (Garcia-Moreno et a/, 2019).

Importantly, RNA binding is thought to stimulate TRIM25 ligase activity (Choudhury ez 4/,
2017; Sanchez ez al, 2018), which is required for many of its antiviral mechanisms (discussed in the
following section). It remains unclear how RNA binding stimulates TRIM25-mediated ubiquitination.
RNA may function as a scaffold to recruit substrates to TRIM25, or by inducing allosteric changes in

TRIM25 to directly increase catalytic activity (Williams ez /, 2019).

TRIM?25 antiviral mechanisms

TRIM25 utilizes both ubiquitin-dependent and -independent measures to antagonize viral
replication. TRIM25 antiviral mechanisms can be broadly classified into three categories: stimulating
antiviral signaling, direct antagonism of viral components, and synergizing with ZAP (for

comprehensive reviews on TRIM25 antiviral mechanisms, see Martin-Vicente ez a/, 2017; Choudhury
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et al, 2020). It is worth noting that many viruses possess anti-TRIM25 measures, highlighting the
effectiveness of TRIM25 to induce a hostile antiviral cellular environment (for a comprehensive review

on viral antagonism of TRIM25, see Zhang ez al, 2021).

TRIM25 is perhaps best characterized for its role in regulating the RIG-I-MAVS signaling
axis. TRIM25 mediates K63-linked ubiquitination of the RIG-I 2CARD domain, required for the
initiation of antiviral signaling in response to viral RNA PAMPs (Gack ez a/, 2007, 2008). TRIM25
can also synthesize unanchored K63-linked polyubiquitin chains to activate RIG-I signaling (Zeng ez
al, 2010). These polyubiquitin chains promote the interaction of RIG-I with MAVS by tetramerizing
the RIG-I 2CARD domain, which subsequently nucleates MAVS filament formation and recruitment
of downstream signaling molecules (Hou ez @/, 2011; Jiang ez al, 2012; Peisley ez al, 2014). TRIM25
may also play a role in activating NF-kB downstream of MAVS signaling (Lee ez a/, 2015a; Liu ez al,
2020a). However, the critical role of TRIM25 in ubiquitinating RIG-I has been called into question
in recent years, with some studies purporting that a second E3 ligase, Riplet, is sufficient for RIG-I
activation (Oshiumi ez a/, 2013; Shi ez al, 2017; Cadena ez al, 2019; Hayman et al, 2019; for
comprehensive reviews on the TRIM25/Riplet controversy, see Okamoto ez 4/, 2018; Oshiumi, 2020).
Finally, TRIM2S5 is also able to negatively regulate IFN signaling by targeting MAVS for proteasomal

degradation (Castanier ez a/, 2012).

Moreover, TRIM2S5 is able to antagonize viral replication by targeting varied viral components
for degradation or by sequestering viral proteins, similar to other TRIM proteins. TRIM25 inhibits
replication of infectious bursal disease virus, a chicken dsRNA virus, by mediating K27-linked

polyubiquitination of the viral structural protein VP3 and subsequent proteasomal degradation (Wang
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et al, 2021). TRIM25 inhibits influenza A virus (IAV) RNA synthesis by interacting with IAV
ribonucleoproteins, blocking mRNA elongation by preventing the viral RNA from moving into the

polymerase complex (Meyerson ez al, 2017).

The varied antiviral roles of TRIM25 as a ZAP co-factor, including its ubiquitination of the
Ebola virus (EBOV) nucleoprotein (Galao ez 4/, 2022) and other putative host proteins (Li ez 2/, 2017;

Zheng et al, 2017), will be discussed following the next section on ZAP.

ZAP
ZAP, also known as zinc finger CCCH-type containing antiviral 1 (ZC3HAV1) or poly (ADP-

ribose) polymerase 13 (PARP13), was first identified in a cDNA screen for genes that prevent
retrovirus infection. In this study, overexpression of the rat N-terminal region of ZAP (NZAP) resulted
in specific loss of cytoplasmic Moloney murine leukemia viral mRNA (Gao ez a/, 2002). Subsequent
studies assessed ZAP antiviral potential, finding NZAP able to inhibit replication of broad range of
viruses, including but not limited to Sindbis virus (SINV, Togaviridae (Bick et al, 2003)), Ebola virus
(EBOV, Filoviridae (Muller et al, 2007)), human immunodeficiency virus-1 (HIV-1, Retroviridae
(Zhu et al, 2011)), Hepatitis B virus (HBV, Hepadnaviridae (Mao et al, 2013)), coxsackievirus B3
(CVB3, Picornaviridae (Li et al, 2015)), 1AV (Orthomyxoviridae (Liu et al, 2015)), and Japanese
encephalitis virus (JEV, Flaviviridae (Chiu ez al, 2018)). ZAP antiviral activity can be selective within
viral families and genera, as not all flaviviruses and picornaviruses tested are sensitive to ZAP (Bick ez
al, 2003; Chiu et al, 2018). ZAP also post-transcriptionally regulates expression of cellular mRNA
(Todorova ez al, 2014) and restricts retrotransposition of human retrotransposons (Goodier ez a/, 2015;

Moldovan and Moran, 2015).
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ZAP domain structure

ZAP possesses four N-terminal CCCH zinc fingers (Chen ez 4/, 2012) that directly bind to
CpG-containing viral RNA, are required for antiviral activity, and dictate its mostly cytoplasmic and
stress granule localization (Guo e a/, 2004; Goodier et al, 2015; Youn ez al, 2018; Law ez al, 2019).
Solving the crystal structure of NZAP in complex with RNA confirmed ZAP preference for single-
stranded nucleic acids and CpG dinucleotides, revealing the presence of a CpG-dinucleotide specific
binding pocket (Meagher ez al, 2019; Luo ez al, 2020). ZAP preference for CpG-rich substrates could
explain in part why many RNA viruses infecting mammals and other vertebrates, such as IAV and
SARS-CoV-2, exhibit CpG suppression (Greenbaum ez a/, 2008; Cheng e a/, 2013; Gioacchino ez 4/,
2020; Nchioua ez al, 2020). ZAP can even sense CpG dinucleotides within individual viral mRNA
transcripts of DNA viruses, as in the case of human cytomegalovirus (Lin ez a/, 2020). Here, CpG
suppression within the major immediate early transcript 1 confers ZAP resistance (Lin ez a/, 2020).

However, CpG suppression does not always confer resistance to ZAP as in the case of SARS-CoV-2

(Nchioua ez 2/, 2020).

Alternative splicing results in multiple splice variants which differ from one another in
expression, localization, and antiviral activity. The long splice variant, ZAPL, includes a catalytically
inactive C-terminal PARP-like domain missing from the short splice variant, ZAPS (Figure 7).
Alternative splicing of a 121 aa extension of exon 4 results in two additional splice variants ZAPM and
ZAPXL, whose antiviral activities are similar to ZAPS and ZAPL, respectively (Li e 2/, 2019). All
splice variants include a central domain composed of a fifth CCCH zinc finger motif and two WWE

modules, which bind to poly(ADP-ribose) (PAR) through the second WWE module (Figure 7). PAR
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Figure 7. ZAP domain structure.

Structural domains indicated as colored in rectangles. Grey line indicates unstructured regions. ZnF, zinc finger.

binding is thought to potentiate ZAP antiviral activity by coordinating the stable association of ZAP
and its co-factors, which could occur either by clustering of multivalent ZAP-RNA complexes or by

localizing ZAP to stress granules (Xue ez al, 2022).

ZAPL vs ZAPS

ZAPL is more antiviral than ZAPS (Kerns ez al, 2008; Li et a/, 2019). This boost to antiviral
activity is attributed to its PARP-like domain, which contains a prenylation motif at its C-terminus
that targets ZAPL to endolysosomes (Charron ez a/, 2013; Schwerk ez a/, 2019). Addition of this
prenylation motif to ZAPS increases its antiviral activity, though not to the same extent as ZAPL
(Schwerk ez al, 2019). Curiously enough, ZAPL’s catalytically dead PARP triad motif is required for
its antiviral activity; its replacement with the canonical active PARP motif abolishes ZAPL antiviral
activity, though it remains unclear how this inactive motif is required (Glisker ez a/, 2014).
Furthermore, ZAPL is constitutively expressed in several cell types, while ZAPS expression is induced

by innate immune signaling (Li ez a/, 2019; Schwerk ez al, 2019).

Studies conflict as to how ZAPS contributes to innate immune signaling. Though one group

showed that ZAPS stimulates RIG-I dependent IFN response upon stimulation with a RIG-I RNA
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agonist (Hayakawa ez a/, 2011), others found that ZAP mediates a RIG-I-independent antiviral
response to retroviruses and HBV (Wang ez a/, 2012; Lee ez al, 2013; Mao et al, 2013). More recently,
ZAPS was shown to negatively regulate the type I IFN response by binding to and stimulating the
degradation of /FN mRNAs; ZAP-deficient Huh7 cells had a higher and more prolonged IFN
response upon treatment with a RIG-I agonist (Schwerk ez 4/, 2019). On the other hand, ZAPS was
found to synergize with other ISGs, wherein 31 ISGs have a statistically significant increase in antiviral

activity in its presence (Karki ez a/, 2012).

ZAP antiviral mechanisms

ZAP targets viruses primarily by two distinct antiviral mechanisms, namely viral translation
inhibition (for the (+) ssRNA viruses SINV and JEV) and viral RNA degradation (for HIV-1, HBV,
the (-) ssRNA virus EBOV, and the (+) ssRNA viruses CVB3 and JEV). These disparate mechanisms
can be explained in part by recruitment of co-factors and differing viral contexts (for a comprehensive

review on ZAP antiviral mechanisms, see Ficarelli ez 2/, 2021).

ZAP inhibition of SINV translation has been linked to its disruption of the interaction
between translation initiation factors elF4A and elF4G (Zhu et a/, 2012). This disruption does not
affect global translation seeing as polysome profiles were unchanged when ZAP was overexpressed
(Zhu et al, 2012). ZAP is also able to repress translation of a luciferase reporter containing the minimal
ZAP responsive fragment in the SINV genome without promoting degradation of the reporter (Zhu

et al, 2012).

Apart from inhibiting viral translation, ZAP also induces viral RNA degradation by recruiting

an array of RNA helicases, the endonuclease KHNYN, and exosome components (Guo ez a/, 2007;
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Chen ez al, 2008; Ye et al, 2010; Ficarelli ez al, 2019). ZAP selectively affects cellular transcripts, as it
destabilizes the TRAILR4 mRNA and inhibits retrotransposition of endogenous retroelements such
as long interspersed element-1 and Alu (Todorova ez a/, 2014; Goodier et al, 2015). ZAP substrate
specificity determinants largely remained a mystery until it was demonstrated to inhibit HIV-1 with
synonymous, elevated CpG dinucleotide mutations (HIV®®) but not wild-type HIV-1 (Takata ez a/,

2017).

TWO ARE BETTER THAN ONE: TRIM25 AND ZAP, TOGETHER &y

While TRIM25 and ZAP are rightfully both counted as potent antiviral factors when
examined individually, a growing body of evidence suggests that their collaborative inhibition of viral
replication is both long-lasting and far-reaching. TRIM25-ZAP antiviral complexes not only are likely

evolutionary conserved but also have been implicated in varied antiviral mechanisms.

Both TRIM25 and ZAP were identified among 62 ‘core’ vertebrate ISGs in a screen of the
chicken and nine mammalian interferomes, wherein their expression was induced by IFN in all species
(Shaw ez al, 2017). Moreover, both TRIM25 and ZAP display signatures of positive selection (Kerns
et al, 2008; Malfavon-Borja ez a/, 2013; Judd ez al, 2021). Together, these studies strongly suggest that
TRIM25 and ZAP have both been historically involved in host-virus interactions (Daugherty and
Malik, 2012). A recent study examining the origin and evolution of ZAP took these observations one
step further, finding that chicken and alligator ZAP antiviral activity was dependent on the co-
expression of their cognate TRIM25 (Gongalves-Carneiro ez a/, 2021), suggesting that ZAP-TRIM25

pairing displays species-specific functional compatibility.
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Interest in the ZAP and TRIM25 partnership piqued with work from our lab identifying
TRIM25 as a critical ZAP co-factor in inhibiting alphavirus translation (Figure 8A) (Li ez a/, 2017).
These results were concurrently corroborated by another group (Zheng ez a/, 2017). TRIM25 is
absolutely required for inhibition of viral translation by ZAP, as ZAP is unable to inhibit translation
of replication-deficient SINV in TRIM25-deficient cells (Li ez a/, 2017). Not only is TRIM25
putatively required for ZAP recognition of its RNA substrates, as TRIM25 knockdown decreases ZAP
association with luciferase reporter RNA, but also TRIM25 ubiquitin ligase activity is essential for
ZAP antiviral activity (Li ez a/, 2017; Zheng et al, 2017). Curiously, though TRIM25 ubiquitinates
ZAP, TRIM2S5 still contributes to ZAP antiviral activity in the presence of a ubiquitination-deficient
ZAP mutant (Li ez al, 2017), suggesting that TRIM25-mediated ubiquitination of host factors other
than ZAP is critical for the inhibitory effects (Figure 8A, question marks). Moreover, it is likely that
K63-linked ubiquitination is required for ZAP antiviral activity, as overexpression of a ubiquitin K63R

mutant unable to form K63 linkages reduced ZAP inhibition of SINV replication (Zheng ez a/, 2017).

Since our initial identification of TRIM25 and ZAP working together to inhibit alphavirus
replication, TRIM25-ZAP complexes have been demonstrated to inhibit replication of the retrovirus
HIV-1, the DNA virus human cytomegalovirus (HCMV), and the (-) ssRNA virus EBOV through
disparate mechanisms (Ficarelli ez 2/, 2019; Lin et al, 2020; Galao ez a/, 2022). In all three of these
contexts, viral inhibition appears to depend on ZAP’s ability to sense CpG dinucleotides, though the

exact antiviral mechanisms differ.
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Figure 8. TRIM25 and ZAP inhibit replication of diverse viruses.

(A) ZAP recruits TRIM25 to ubiquitinate other host proteins, which inhibit viral translation. (B) ZAP complexes
with TRIM25 and the putative endoribonuclease KHNYN to degrade viral RNA. (C) TRIM25 induces splicing
and expression of ZAPS, which senses CpG in HCMV /£Z mRNA and results in decreased IE1 expression. (D)
TRIM25 interacts with and ubiquitinates EBOV nucleoprotein (orange oval), resulting in its dissociation to
expose the viral genome to ZAP CpG sensing and RNA degradation. Orange line, viral RNA; gray circle,
ubiquitin; large question mark, unknown protein identity; small question mark, unknown mechanism.

In the context of HIV-1 infection, ZAP and TRIM25 complex with a third host factor, the
putative endoribonuclease KHNYN, to inhibit HIV®® replication by targeting viral RNA for
degradation (Figure 8B). Knockdown of KHNYN abolishes HIV® sensitivity to ZAP (Ficarelli ez a/,
2019). Interestingly, ZAP sensitivity among primate lentiviruses does not correlate with overall CpG

genomic frequency; only elevation of CpG dinucleotides in the 5 third of the HIV-1 env gene causes
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ZAP susceptibility (Ficarelli ez a/, 2020; Kmiec ez a/, 2020). Moreover, introducing CpGs into the
HIV-1 genome in the 5" end of the gug gene can change pre-mRNA splicing, inhibiting virion
production. Altered pre-mRNA splicing is likely due to utilization of a cryptic splice donor,
incorporating the Gag initiation codon in all spliced viral RNAs and likely resulting in inefficient
translation of all HIV-1 proteins. This antiviral effect is thought to be at least partially ZAP-

independent, given that virion production is not rescued in ZAP knockout (KO) cells (Ficarelli ez a/,

2020).

In contrast, TRIM25 and ZAP work together more indirectly during HCMYV infection. In
this context, TRIM25 regulates ZAP alternative splicing, and is required for efficient upregulation of
ZAPS which in turn recognizes CpG motifs within the HCMV major immediate early transcript (IE1),
resulting in its decreased expression (Figure 8C) (Lin ez 4/, 2020). Curiously, RNA levels of ZAP target
transcripts do not decrease (Lin ez a/, 2020); exact mechanisms for ZAP-mediated decrease of HCMV
gene expression and TRIM25 induction of ZAPS alternative splicing remain unclear (Figure 8C,
question marks). It is worth noting that a second study found that ZAP recognizes not only CpG
motifs but also other cytosine-rich sequences in the context of HCMV infection, specifically

destabilizing viral mRNAs expressed from the UL4-ULG gene locus (Gonzalez-Perez et al, 2021).

Finally, during EBOV infection TRIM25 exposes the viral genome to ZAP CpG detection
and RNA degradation (Figure 8D) (Galao ez a/, 2022). This is accomplished by TRIM25 interacting
with and mediating the ubiquitination of the EBOV nucleoprotein (NP) in an RNA-independent

manner, resulting in NP dissociation from viral RNA. The authors of this study utilized an EBOV
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replicon system (trVLP). TRIM25 RING, PRY-SPRY, and RNA binding motifs are all required for
EBOV restriction, given that deletion or mutation of any of these significantly impairs TRIM25
antiviral activity. Endogenous ZAPL but not ZAPS could be detected in TRIM25-NP co-precipitates,
but this effect could be due to low levels of ZAPS basal expression. Furthermore, ZAP association with
the EBOV tuVLP genome is dependent on the presence of TRIM25. Notably, TRIM25 likely
functions outside of its role as a stimulator of RLR signaling, given that TRIM25 and ZAP were still
able to inhibit EBOV replication in RIG-I KO cells. Moreover, the identity of the ZAP-associated
ribonuclease responsible for EBOV RNA degradation remains unknown (Figure 8D, question mark),

given that depletion of KHNYN did not rescue viral RNA levels (Galio ez a/, 2022).

SIGNIFICANCE AND DISSERTATION OVERVIEW

In summary, the study of TRIM25 and ZAP antiviral activity has raised many questions
concerning the ways these two ISGs are able to inhibit a wide range of viruses with a variety of
mechanisms. For example, the identity of these TRIM25 substrates that function in ZAP antiviral
activity remains to be discovered, as does how they contribute to suppression of alphavirus translation.
Furthermore, while it is known that both TRIM25 and ZAP bind RNA, that RNA binding is crucial
for their antiviral activity, and that TRIM25 and ZAP interact with one another, it remains unexplored
how their individual RNA binding capability affects their cooperative antiviral mechanisms. In the
following chapters, I will present my work on the identification and characterization of TRIM25
ubiquitination targets (Chapter 2), the elucidation of the role of ZAP and TRIM25 RNA binding in
restricting viral translation (Chapter 3), and conclude with a forward-looking characterization of novel
antifusion peptides that remodel membranes and inhibit alphavirus replication (Chapter 4).
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Chapter 2

Flucidation of TRIM25 ubiquitination targets

involved in diverse and antiviral cellular processes
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ABSTRACT

The tripartite motif (TRIM) family of E3 ubiquitin ligases is well known for its roles in
antiviral restriction and innate immunity regulation, in addition to many other cellular pathways. In
particular, TRIM25-mediated ubiquitination affects both carcinogenesis and antiviral response. While
individual substrates have been identified for TRIM25, it remains unclear how it regulates diverse
processes. Here we characterized a mutation, R54P, critical for TRIM25 catalytic activity, which we
successfully utilized to “trap” substrates. We demonstrated that TRIM25 targets proteins implicated
in stress granule formation (G3BP1/2), nonsense-mediated mRNA decay (UPF1), nucleoside
synthesis (NME1), and mRNA translation and stability (PABPC4). The R54P mutation abolishes
TRIM2S5 inhibition of alphaviruses independently of the host interferon response, suggesting that this
antiviral effect is a direct consequence of ubiquitination. Consistent with that, we observed diminished
antiviral activity upon knockdown of several TRIM25-R54P specific interactors including NME1 and
PABPCA4. Our findings highlight that multiple substrates mediate the cellular and antiviral activities
of TRIM25, illustrating the multi-faceted role of this ubiquitination network in modulating diverse

biological processes.

AUTHOR SUMMARY

Ubiquitin E3 ligases each interact with and ubiquitinate a subset of cellular proteins, thereby
regulating specific cellular processes. Tripartite motif containing protein 25 (TRIM25) is one such E3
ligase involved in carcinogenesis and antiviral innate immunity. TRIM25 catalytic activity is
indispensable for the host antiviral response against alphaviruses, an arthropod-borne group of RNA

viruses possessing expanding distributions and pandemic potential. However, it remains poorly
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understood which TRIM25 substrates mediate viral inhibition. To complicate the matter,
identification of E3 ligase substrates is technically challenging, given the transient nature of ligase-
substrate interactions. Here, we present the first comprehensive ubiquitinome study utilizing a novel
“substrate trapping” approach to identify TRIM25 target proteins. We found that TRIM25
ubiquitinates key players in translational and nucleic acid metabolic processes, specifically involving
stress granule formation, nonsense-mediated mRNA decay, nucleotide synthesis, and translation
initiation. In addition, TRIM25 ligase activity is critical for its inhibition of diverse alphaviruses
through viral translation suppression, highlighting the importance of ubiquitination in driving
antiviral activity in this context. Our study both provides new insights into understanding the innate
immune and cell biology roles of TRIM25 and paves the way forward for identification of novel TRIM

substrates at large.

BACKGROUND

Addition of ubiquitin, or ubiquitination, is a post-translational modification that is highly
conserved in eukaryotic organisms and operates in myriad cellular pathways. Ubiquitin is a small, 76
amino acid protein that must be activated by E1 enzymes, passed to E2 carrier enzymes, and finally
covalently attached to lysines on substrates by E3 ligases. Though only one enzyme is needed at each
step, their numbers vary widely. Humans encode 2 E1 enzymes, about 40 E2 enzymes, and upwards
of 600 E3 ligases (Li ez a/, 2008; Metzger ez al, 2012). This vast number of E3 ligases is needed because
they determine substrate specificity; however, the means by which E3 ligases identify their substrates

and the array of substrates ubiquitinated by any given E3 ligase remain largely unknown.
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The tripartite motif containing protein (TRIM) family is one of the largest families of E3
ligases, with over 70 7RIM genes in humans (Vunjak and Versteeg, 2019). TRIMs share three
common domains at their N-terminus — the catalytic RING domain, 1 to 2 B-Box domains, and a
coiled-coil domain — but differ in their C-termini (Vunjak and Versteeg, 2019). These varied C-
termini determine TRIM substrate specificity, allowing this large family of proteins to regulate diverse
cellular processes, including but not limited to viral restriction, immune signaling, stress responses,
proliferation, and differentiation (Ozato ez a/, 2008; Rajsbaum ez a/, 2014; Hatakeyama, 2017; Hage
and Rajsbaum, 2019). Mutations in 7RIM genes have been associated with rare genetic diseases,
including developmental, muscular, and neurological disorders (Meroni, 2020; Meroni and Desagher,
2022). However, development of targeted therapeutic approaches has been hindered by not only the
lack of knowledge on their specific substrates, but also the frequent involvement of TRIMs in multiple
cellular processes. One prime example is TRIM25, which functions in both cancer and antiviral innate
immunity (Heikel ez 2/, 2016; Martin-Vicente ez al, 2017). When examined in the context of cancer,
TRIM25-mediated ubiquitination primarily targets varied proteins for proteolytic degradation, which
can either enhance or hinder carcinogenesis (Urano et a/, 2002; Dong et al, 2012; Zang et al, 2017

Sato et al, 2018; Liu et al, 2020).

Many of the TRIM proteins are upregulated by interferon (IFN) and play significant roles in
the host innate immune response (Hage and Rajsbaum, 2019). Upon detection of viral infection by
the host cell, type I IFN is produced, inducing expression of hundreds of IFN-stimulated genes (ISGs)
to establish an antiviral environment (Schneider ez a/, 2014; Schoggins, 2019). TRIM25 is one such

ISG which not only stimulates innate immune signaling by ubiquitinating and activating the dsRNA

30



sensor RIG-I, but also functions as a critical co-factor of another ISG, zinc finger antiviral protein
(ZAP) (Gack er al, 2007; Li et al, 2017; Zheng et al, 2017). While TRIM25 has been shown to
complex with ZAP in the context of several different viral infections (Yang and Li, 2020), its ligase
activity has only been tied to its participation in blocking translation of incoming RNA genomes of
alphavirus (family 7ogaviridae) (Li et al, 2017). Given that ubiquitination of ZAP or lack thereof fails
to affect its viral translation inhibition (Li ez 2/, 2017), it is likely that TRIM25 antiviral involvement
depends on its ubiquitination of other cellular proteins. Interestingly, both TRIM25 and ZAP not
only bind viral RNA but also interact with other RNA binding proteins, implying that proteins
involved in RNA processes may feature prominently among TRIM25 substrates (Goodier ez a/, 2015;

Choudhury ez a/, 2017; Garcia-Moreno ez al, 2019; Ficarelli ez al, 2021).

In light of this question, we set out to identify novel TRIM25 substrates that may play a role
in translation and RNA processes. Because identification of E3 ligase substrates is technically
challenging due to the transient nature of ligase-substrate interactions, we utilized a “substrate trapping”
approach similar to previously reported (Decorsiere ez al, 2016) to capture TRIM25 interactors in a
co-immunoprecipitation (IP)/mass spectrometry (MS) experiment. We sought to generate a TRIM25
mutant that would be unable to interact with the upstream E2 carrier enzyme, thus simultaneously
rendering it incapable of ubiquitination and prolonging its interactions with substrates. We identified
a point mutation, R54P, in the TRIM25 RING catalytic domain, which almost completely abolishes

its autoubiquitination in cells.

While almost all of the more highly enriched interactors are shared by both TRIM25-wild-

type (WT) and -R54P, we found that TRIM25-R54P enriches for additional interactors as compared
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to TRIM25-WT. Further characterization of some of the most highly enriched interactors, Ras-
GTPase-activating protein SH3-domain binding proteins (G3BP) 1 and 2, RNA helicase up-
frameshift protein 1 (UPF1), nucleoside diphosphate kinase 1 (NME1), and poly-adenylate binding
protein cytoplasmic 4 (PABPC4), has validated their identification as novel TRIM25 substrates. We
identified NME1 and PABPC4 as TRIM25-R54P specific interactors during viral infection. Moreover,
upon characterization of its antiviral activity, the TRIM25-R54P mutant demonstrates a complete loss
of inhibition against a panel of Old World and New World alphaviruses despite higher IFN and ISG
expression compared to WT, suggesting that ubiquitination of TRIM25 substrates directly leads to
activation of an antiviral state. Altogether, we have identified both known and novel interactors as
TRIM25 substrates, and demonstrated the validity of this “substrate trapping” approach in identifying
bona fide E3 ligase substrates. We have shed light on the ways that TRIM25-mediated ubiquitination
might target substrates to modulate translation, nucleic acid metabolism, and antiviral response,
paving the way for further work characterizing the critical role of TRIMs in diverse cellular and viral

processes.

RESULTS

Point mutations in TRIM25 RING domain almost completely abolish TRIM25 auto-
ubiquitination

It is technically challenging to identify E3 ligase-substrate interactions as they are often
transient, resulting in proteasomal degradation or a change in localization or activity of the substrates.
In order to enrich for transient E3 ligase-substrate interactions, we turned to a less conventional co-IP
approach that makes use of E3 mutants unable to interact with E2 conjugating enzymes. This prevents

ubiquitin transfer to E3 substrates and their subsequent targeting to other cellular pathways and as a
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result, “trapping” these substrates. This approach successfully identified the cellular ‘structural
maintenance of chromosomes’ (Smc) complex Smc5/6 as being targeted by hepatitis B virus X protein
for ligase-mediated degradation (Decorsiere ez al, 2016). We hypothesized that a similar approach
would serve to identify TRIM25 substrates, which will be immunoprecipitated more robustly with a
TRIM25 E2 binding mutant than with TRIM25-WT, as the former is unable to mediate transfer of

ubiquitin from E2 to substrates.

Residues important for the RING-E2 interaction and thus necessary for ligase activity have
already been identified in the RING E3 ligase MDM?2 (Nomura ez a/, 2017). We aligned the structure
of the TRIM25 RING domain complexed to E2-ubiquitin (Ub) to the analogous MDM2-E2-Ub
structure and identified two conserved critical E2 interaction residues in the TRIM25 RING domain,
115 and R54 (Figure 9A). To assess loss of ligase activity, we transfected HA-tagged Ub and FLAG-
tagged TRIM25 into 293T cells and immunoprecipitated TRIM25 in denaturing conditions. We
then blotted for HA-Ub, wherein polyubiquitination manifests as a ladder of bands. These TRIM25
E2 binding mutants (I15K and R54P), are deficient in auto-polyubiquitination, suggesting successful
crippling of ligase activity (Figure 9B). Individual E2 binding mutants retain a mono-Ub band (Figure
9B), so we generated the double mutant I15K/R54P, which did not display further reduction in ligase
activity (Figure 9B). Therefore, we selected the R54P mutant for future co-IP/MS studies since this
mutation has previously been shown to reduce TRIM25 catalytic activity and polyubiquitin chain

formation (Koliopoulos ez a/, 2016).
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Figure 9. Individual TRIM25 RING residues required for TRIM25 autoubiquitination.

(A) Alignment of the RING E3 ligases MDM2 (dark blue) and TRIM25 (light blue) in complex with ubiquitin (red)
and the E2 UbcHS5 (gray), performed using UCSF Chimera (Pettersen et a/, 2004). Highlighted in gold (TRIM25)
and yellow (MDM2) are homologous residues. PDB: 5MNJ (MDM2), 5EYA (TRIM25). (B) Western blot of lysates
of 293T cells transfected with FLAG-TRIM25 mutants and HA-ubiquitin (Ub). Data representative of three
independent experiments.

Substrate trapping approach enriches for novel TRIM25 interactors

Next, we asked what proteins are modified by TRIM25, as identification of these substrates
will elucidate how ubiquitination facilitates TRIM25-mediated cellular and antiviral activities. We
first used CRISPR-Cas9 to generate a TRIM25 KO 293T cell line (Supplemental Figure 2.1). We
then stably integrated doxycycline (dox) inducible FLAG-tagged TRIM25-WT and mutant -R54P
using the ePiggyBac (ePB) transposon system (Woodard and Wilson, 2015), where both TRIM25-
WT and -R54P are similarly induced in a dose-dependent manner (Figure 10A). TRIM25 protein
levels are comparable upon detection using a FLAG or TRIM25-specific antibody (Figure 10A). To
capture TRIM25 substrates, we performed two independent co-IP/MS experiments using our

reconstituted TRIM25 KO 293T cell lines (Figure 10B). We induced TRIM25-WT or -R54P
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expression in the presence or absence of the prototype alphavirus Sindbis virus (SINV), performed a
FLAG IP to enrich for TRIM25, and analyzed the resultant protein mixture using MS. TRIM25 KO
293T cells with dox added were used as a control, since previous work by our lab found that dox
treatment nonspecifically affects viral replication in other systems (Luu ez a/, 2021). We found that
this “substrate trapping” approach enriches for interactors specific to TRIM25-R54P under both mock
and infected conditions (Figure 10C-D, red circles). These TRIM25-R54P specific interactors tend
to have lower fold change in abundance over background than interactors common to both TRIM25-
WT and TRIM25-R54P (Figure 10C-D, blue circles), suggesting that the TRIM25-R54P co-IP/MS
captures weaker interactions not identified with TRIM25-WT. After filtering for interactors enriched
in both independent experiments, we found that TRIM25-R54P enriches for 14 unique interactors
under mock conditions (Table 1) and that almost all TRIM25-WT interactors (25 of 30) are also
present as TRIM25-R54P interactors (Table 2), indicating that TRIM25-R54P is otherwise
functionally similar to TRIM25-WT. During viral infection, TRIM25-R54P enriches for all
TRIM25-WT interactors in addition to 16 unique interactors (Tables 3-4), suggesting an effective
“substrate trap.” Interestingly, we found that the number of TRIM25 interactors drastically decreases
during viral infection for both TRIM25-WT (29 to 7 interactors; Tables 2 and 4) and TRIM25-R54P
(38 to 23 interactors; Tables 1 and 3). We used DAVID bioinformatics resources (Huang ez a/, 2009)
to find that TRIM25 interactors are highly enriched in GO terms involved in translation, RNA
metabolism, and viral transcription (Figure 9E). This is in line with our hypothesis that TRIM25

substrates mediate diverse cellular and viral processes as a consequence of ubiquitination.
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Figure 10. TRIM25 co-IP/MS identifies TRIM25 interactors.

(A) Western blot of TRIM25 inducible 293T cell lines in the presence of increasing amount of dox (0, 0.001,
0.01, 0.1, 1, and 10 pg/mL). Data are representative of two independent experiments. (B) Schematic of co-
IP/MS experiment to identify TRIM25 interactors. (C-D) Volcano plots of proteins significantly enriched over
TRIM25 KO background in TRIM25-R54P co-IP/MS in the (C) absence or (D) presence of viral infection. Data
representative of two independent experiments. Blue dots represent proteins that were also significantly
enriched in TRIM25-WT co-IP and red dots represent proteins that were only enriched in TRIM25-R54P co-
IP. Proteins were counted as enriched when log2FC>1.5 and -log10Pvalue>1.3 (Pvalue<0.05). The R package
EnhancedVolcano (Blighe et a/, 2021) was used to generate volcano plots. (E) Gene ontology terms significantly
enriched in all unique TRIM25-WT and TRIM25-R54P interactors. Analysis performed for GO terms in biological
processes using DAVID (Huang et a/, 2009).
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Table 1. TRIM25-R54P interactors in the absence of virus.

Interactors pulled down in both independent experiments shown here; proteins also enriched in TRIM25-WT
co-IP are italicized and bolded. Fold change = FC. In EXP #2, the “i” prefacing log2FC and Pvalue refers to
how missing data values were imputed.

Protein EXP #1 log2FC | EXP #2 ilog2FC EXP #1 -log10Pvalue EXP #2 -logl0iPvalue
TRIM25 12.39 7.51 4.29 2,12
G3BP2 8.11 5.55 4.48 1.50
G3BPI1 6.50 4.03 3.78 173
PABPCI 5.93 5.10 4.55 3.28
UPF1 5.50 4.79 3.60 1.44
RPL27 5.34 3.69 1.84 1.55
ZC3HAV1 5.32 5.31 2.83 1.42
ZCCHC3 5.12 3.75 1.85 1.78
RPL36 498 3.48 2.88 1.79
MOV10 491 4.49 1.64 1.80
RPLP2 4.13 5.86 1.96 1.55
SSB 3.89 4.48 1.91 171
RPS34 3.79 2.69 2.16 1.89
MRPLI11 3.77 5.47 2.66 1.40
RPL3 3.66 2.15 2.24 1.79
RPSI12 3.66 3.49 2.76 1.89
NMEI1 3.61 4.79 2.39 1.79
IGF2BP3 3.56 3.28 1.98 1.50
RPS8 3.26 3.27 2.19 L75
DNAJA1 3.17 3.92 2.61 1.91
RPL21 3.06 2.39 1.48 1.47
DDX21 3.05 1.89 1.59 173
RPL7A 3.04 2.52 2.05 173
DDX50 3.03 3.66 1.48 1.53
RPL14 3.01 2.79 1.83 1.79
HSPA9 2.98 2.54 3.10 1L.73
RPLS 2.95 2.64 2.62 1.50
RPL4 2.95 1.93 1.80 1.50
RPL30 2.92 4.99 1.86 1.81
RPL6 2.88 1.95 1.97 1.50
RPL19 2.77 5.27 1.34 1.36
CXorf56 2.62 2.59 1.71 1.34
MRPS25 2.56 3.34 2.61 1.54
POLDIP2 2.24 2.45 3.07 1.64
IGF2BP2 2.20 3.23 2.15 1.46
HSPAS 2.10 2.61 2.56 .79
NCL 1.95 2.58 1.78 2.63
HSPA8 1.64 2.01 2.45 1.79
RTRAF 1.60 1.76 1.84 1.31
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Table 2. TRIM25-WT interactors in the absence of virus.

Interactors pulled down in both independent experiments shown here; proteins also enriched in TRIM25-R54P
co-IP in both independent experiments are italicized and bolded. Fold change = FC. In EXP #2, the “i” prefacing
log2FC and Pvalue refers to how missing data values were imputed.

Protein EXP #1 log2FC | EXP #2 ilog2FC | EXP #1 -loglOPvalue | EXP #2 -logl0iPvalue
TRIM25 12.35 7.21 4.29 2.36
NMEI1 5.89 5.69 3.19 2.11
PABPCI 5.18 4.36 4.32 2.65
UPF1 4.15 4.99 3.13 1.56
G3BP1 3.84 4.38 2.89 2.08
SSB 3.67 5.28 1.82 1.67
RPSI12 3.52 3.02 2.70 2.24
DDX21 3.52 1.60 1.79 2.07
ZCCH(C3 3.41 2.47 1.50 1.50
MRPLI11 3.11 4.50 2.36 1.83
MRPS25 311 5.37 2.93 1.81
RPS34 3.02 1.92 1.82 2.11
RPLI14 2.91 2.56 1.78 1.71
RPS8 2.86 3.07 1.99 2.11
RPL23A 2.83 2.50 1.42 2.29
LARP1 2.82 2.72 1.75 1.65
HSPA9 2.78 2.55 2.98 1.98
DDX50 2.78 5.52 1.38 1.87
RPLP2 2.71 5.81 1.37 1.36
RPL7A 2.68 2.05 1.87 2.11
RPLS 2.67 1.91 2.46 1.46
IGF2BP3 2.67 3.65 1.56 1.66
HSPAS5 2.36 2.77 275 2.05
FMR1 2.16 2.14 1.38 1.56
RPL4 2.09 1.96 1.33 2.08
RPL30 1.98 4.99 1.33 2.66
RPL32 1.91 2.10 1.44 2.05
IGF2BP2 1.73 2.16 1.80 1.45
HSPA8 1.66 2.26 2.46 1.65
FXR1 1.52 4.86 2.66 1.59
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Table 3. TRIM25-R54P interactors during viral infection.

Interactors pulled down in both independent experiments shown here; proteins also enriched in TRIM25-WT
co-IP in both independent experiments are italicized and bolded. Fold change = FC. In EXP #2, the “i” prefacing
log2FC and Pvalue refers to how missing data values were imputed.

Protein EXP #1 log2FC | EXP #2 ilog2FC | EXP #1 -loglOPvalue | EXP #2 -logl10iPvalue
TRIM25 13.82 6.87 5.83 1.28
G3BP2 9.50 7.66 4.71 1.40
G3BP1 5.25 2.51 4.58 1.92
NME1 4.81 3.43 2.84 1.40
HIFX 4.65 4.49 3.14 1.46
UPFI 4.64 5.24 3.44 1.94
ZC3HAV1 4.47 2.77 2.77 1.42
RPLS 4.26 2.98 2.36 1.80
PABPC4 4.25 2.67 3.42 1.42
PABPC1 4.24 3.54 2.44 1.44
HP1BP3 4.00 4.09 3.44 1.50
LARP1 3.93 4.59 4.32 1.61
DDX50 3.74 4.14 2.08 1.47
RPL21 3.40 3.45 1.50 1.44
RPL29 3.38 2.53 2.48 2.06
HSPA9 3.28 2.04 4.15 2.05
ZCCHC3 3.23 4.49 195 1.54
RPS3A 3.18 1.53 1.36 1.38
GLYRI1 3.01 2.59 1.43 1.59
YBX1 2.61 1.73 1.44 1.44
GNL3L 2.47 5.28 2.35 1.58
RPL19 2.44 2.90 2.39 1.75
MRPS26 1.98 1.90 1.49 1.31
MRPS9 1.58 2.56 2.02 1.38

Table 4. TRIM25-WT interactors during viral infection.

Interactors pulled down in both independent experiments shown here; proteins also enriched in TRIM25-R54P
co-IP in both independent experiments are italicized and bolded. Fold change = FC. In EXP #2, the “i” prefacing
log2FC and Pvalue refers to how missing data values were imputed.

Protein EXP #1 log2FC | EXP #2ilog2FC | EXP #1 -loglOPvalue | EXP #2 -logl0iPvalue
TRIM25 13.19 6.43 575 1.15
HIEX 3.95 3.23 2.87 1.74
UPF1 3.86 5.51 3.13 1.62
HPIBP3 2.75 3.84 2.82 1.75
ZCCHC3 2.65 4.90 1.78 1.41
HSPA9 2.63 2.35 3.77 1.41
LARPI 2.62 4.61 3.63 1.42
DDX50 2.44 5.21 1.47 1.46
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TRIM?2S interacts with G3BP1 and 2 through a conserved binding motif and modifies them with
predominantly K63 polyubiquitin chains

Among the most enriched TRIM25-R54P interactors in the presence and/or absence of SINV
infection (Tables 1 and 3), we identified the core stress granule proteins G3BP1 and 2, RNA helicase
UPF1 (Figure 10C-D, blue arrows), metastatic suppressor and nucleoside kinase NME1, and poly(A)
binding protein PABPC4 as high priority candidates given our interest in RNA metabolic and
translation processes (G3BP1 and 2, UPF1, PABPC4) and TRIM25’s role in regulating carcinogenesis

(NME1). Next, we asked whether any of these are TRIM25 ubiquitination substrates.

Both G3BP1 and G3BP2, hereafter collectively referred to as G3BP, associate very strongly
with  TRIM25 in the co-IP/MS (Tables 1-4, G3BPl, log2FoldChange 2.5-6.5; G3BP2,
log2FoldChange 5.5-9.5). G3BP normally function in stress granule (SG) assembly, interacting with
RNA and other cellular proteins to induce SG formation (Tourri¢re ez a/, 2003; Kang ez a/, 2021).
Interestingly, the Old World alphaviruses exploit G3BP to promote their own replication (Cristea ez
al, 2006, 2010; Scholte ez a/, 2015; Kim ez al, 2016). These viruses utilize their non-structural protein
3 (nsP3) to recruit G3BP into viral replication complexes, which disrupts antiviral SG formation
(Panas et al, 2015), clusters viral replication complexes (Kim ez 2/, 2016), and recruits translation
initiation machinery (Gotte ez a/, 2019). By doing so, alphaviruses enhance viral replication at the cost

of endogenous G3BP function.

Previous work identified an FGDF peptide motif in alphavirus nsP3 which binds with high
affinity to G3BP (Panas ez a/, 2015; Schulte ez a/, 2016). More recent work characterizing viral-host

interaction motifs has uncovered a conserved G3BP-binding motif, ®xFG (where @ is a hydrophobic
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residue) (Kruse ez a/, 2021). This G3BP interaction motif is present in both viral and host proteins,
such as the cellular SG protein and known G3BP interactor USP10, and is remarkably similar to the
alphavirus nsP3-G3BP interaction motif, FGDF, but likely binds with lower affinity (Kruse ez 4/,
2021). Moreover, TRIM25 was identified as a G3BP1 interaction partner (Kruse er a/, 2021).
Mutating the latter two amino acids in the TRIM25-specific motif (404-PTFG-407), to alanine (404-
PTAA-407) was sufficient to abolish TRIM25-G3BP1 interaction (Kruse et a/, 2021). Meanwhile,
TRIM25 and G3BP2 have previously been shown to interact in the context of prostate cancer
(Takayama er a/, 2018). To examine whether this motif is also necessary for TRIM25-G3BP2
interaction, we co-transfected myc-tagged G3BP into TRIM25 KO 293T cells along with FLAG-
tagged TRIM25-WT, -R54P, or -PTAA, and performed a FLAG IP to pull down TRIM25. While
both TRIM25-WT and -R54P robustly associate with both G3BP1 and -2, TRIM25-PTAA does not
associate with either G3BP1 or 2 (Figure 11A), validating our co-IP/MS identification of G3BP as

TRIM25 interactors.

We then used the ePB transposon system to reconstitute TRIM25 KO 293T cells with dox
inducible TRIM25-PTAA. To establish that TRIM25 ubiquitinates G3BP and that the TRIM25-
G3BP interaction is necessary for ubiquitination, we co-transfected myc-tagged G3BP with HA-Ub
into TRIM25-WT, -R54P, and -PTAA inducible cell lines. After inducing TRIM25 expression, we
performed a myc IP and probed for the presence of ubiquitinated G3BP. We found that both G3BP1
and 2 are robustly polyubiquitinated only in the presence of TRIM25-WT (Figure 11B), again
validating our co-IP/MS identification of G3BP as TRIM25 substrates. No ubiquitination is detected

in the presence of ligase-deficient TRIM25-R54P, whereas ubiquitination is dramatically diminished
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in the presence of G3BP-interaction deficient TRIM25-PTAA (Figure 11B). Interestingly, TRIM25
appears to more robustly ubiquitinate G3BP2 as compared to G3BP1 (Figure 11B). Given the
TRIM25-mediated polyubiquitination of G3BP1 and 2, we then characterized G3BP ubiquitination
linkage type. To do so, we transfected our TRIM25-WT inducible cell line with myc-G3BP1 or -2
and different forms of HA-Ub: -WT, -K48, and -K63. Ub-K48 and -K63 have all lysines mutated to
arginine except -K48 and -K63, respectively, such that only K48 or K63 polyubiquitin chains are able
to be formed (Lim ez a/, 2005). We found that both G3BP1 and 2 are most robustly ubiquitinated in
the presence of Ub-K63, suggesting that TRIM25 primarily mediates K63-linked ubiquitination of
both proteins (Figure 11C). Interestingly, while both G3BP1 and 2 exhibit a lower level of
ubiquitination in the presence of Ub-K48, G3BP1 possesses more K48-linked polyubiquitin chains as
compared to G3BP2 (Figure 11C), indicating that TRIM25 is able to distinguish between and

differentially ubiquitinate these related proteins.

We then asked whether TRIM25-G3BP interaction and G3BP ubiquitination are required for
TRIM25 antiviral activity. We found that overexpression of TRIM25-PTAA suppresses SINV
replication (Supplemental Figure 2.2A) and translation (Supplemental Figure 2.2B) similarly to
TRIM25-WT, suggesting that loss of TRIM25-G3BP interaction or G3BP ubiquitination is not
sufficient to restore SINV infection. It has been demonstrated that different alphaviruses display
differing degrees of dependency on G3BP for their replication, wherein SINV is partially reliant and
chikungunya virus (CHIKV) is completely reliant on G3BP (Kim ez a/, 2016; Gétte et al, 2020). We
hypothesized that a more G3BP-reliant virus such as CHIKV might be more sensitive to any antiviral

mechanisms that are dependent on G3BP. In such a system, TRIM25-PTAA, which is unable to
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Figure 11. TRIM25 interacts with and polyubiquitinates G3BP.

(A) Western blot of TRIM25 KO 293T cells transfected with myc-G3BP1/2 and FLAG-TRIM25-WT, -R54P, or
-PTAA. Lysates were subjected to FLAG IP. Data are representative of three independent experiments. (B-C)
Western blot of TRIM25 inducible cells transfected with myc-G3BP1/2 and HA-Ub-WT, or (C) -K48, or -K63.
Lysates were subjected to myc IP. Data are representative of three independent experiments.
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interact with and efficiently ubiquitinate G3BP to potentially disrupt their pro-viral functions, may
not be as antiviral as TRIM25-WT. Interestingly, inhibition of CHIKV infection is also dependent
on TRIM25 with functional ligase activity, as TRIM25-R54P restores virion production to similar
levels as TRIM25 KO (Supplemental Figure 2.2C). However, we found no significant difference
between TRIM25-WT and TRIM25-PTAA in their ability to suppress virion production
(Supplemental Figure 2.2C). Overall, though we validated G3BP interaction with and ubiquitination

by TRIM25, we did not find that the TRIM25-G3BP axis is sufficient for TRIM25 antiviral activity.

TRIM?25 interacts with and mono-ubiquitinates UPFI at K592

Moreover, UPF1 associates very strongly with TRIM25 in the co-IP/MS (Tables 1-4,
log2FoldChange 3.9-5.5), supporting a role for UPF1 as a novel TRIM25 interactor. UPF1 is best
known for its central role in nonsense-mediated mRNA decay (NMD), where it is recruited to
premature termination codons to catalyze the NMD pathway, inhibiting further translation and
recruiting other RNA-degrading enzymes (Kim and Maquat, 2019). UPF1 has also been implicated
in serving an antiviral role in the context of alphavirus infection (Balistreri ez a/, 2014). The authors
of this study found that depletion of NMD components, including UPF1, promotes viral replication;

further investigation revealed that UPF1 likely destabilizes incoming viral RNA genomes (Balistreri ez

al, 2014).

We first validated that TRIM25 interacts with UPF1. To do so, we transfected V5-tagged
UPF1 into TRIM25 inducible cell lines, then induced for TRIM25-WT or -R54P expression with
dox, and performed a FLAG IP to pull down TRIM25. We found that UPF1 is robustly detected only

when TRIM?25 is induced (Figure 12A), validating the TRIM25-UPF1 interaction identified in our
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Figure 12. TRIM25 interacts with and mono-ubiquitinates UPF1.

(A) Western blot of TRIM25 inducible cells transfected with V5-tagged UPFL1 in the presence or absence of 1
ug/mL dox. Lysates were subjected to FLAG IP. Data are representative of three independent experiments.
(B-C) Western blot of TRIM25 inducible cells transfected with (B) V5-UPF1 or (C) V5-UPF1 mutants (K281R,
K592R) and HA-Ub in the presence of 1 pg/mL dox. Lysates were subjected to V5 IP. Data are representative
of two independent experiments for (B) and of three independent experiments for (C).
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co-IP/MS. To test the hypothesis that TRIM25 ubiquitinates UPF1, we co-transfected V5-tagged
UPF1 with HA-Ub into our TRIM25 inducible cell lines and induced TRIM25 expression. We then
performed a V5 IP and probed for the presence of ubiquitinated UPF1. We found that UPF1 is more
robustly mono-ubiquitinated only in the presence of TRIM25-WT and not ligase-deficient TRIM25-
R54P (Figure 12B, -50% more by Image] quantification), suggesting that TRIM25 mono-
ubiquitinates UPF1. We then identified putative ubiquitination sites by selecting residues that are
both identified in a previously published ubiquitinome (Kim ez 2/, 2011) and predicted via UbPred to
be ubiquitinated (Score > 0.70) (Radivojac ez 4/, 2010), and mutated these sites to arginine (K281R,
K592R). Whereas ubiquitination is unchanged in UPF1 K281R, the introduction of K592R abolishes
UPF1 ubiquitination in the presence of TRIM25-WT (Figure 12C). Together, these results validate

our co-IP/MS identification of UPF1 as a novel TRIM25 substrate.

Next, we asked whether UPF1 plays a role in TRIM25 antiviral activity. We tested several
UPF1 siRNAs and selected the one with the most efficient knockdown (Supplemental Figure 2.2D).
We observed that UPF1 knockdown only has a significant effect on SINV replication when TRIM25
is absent, though trends toward an effect when TRIM25-WT is induced (Supplemental Figure 2.2E-
F). Together, these data suggest that UPF1 could be antiviral independent of TRIM25 and that it is

not critical for the TRIM25 antiviral response.

TRIM25 polyubiquitinates NME1 but only interacts with endogenous, not ectopically expressed
NME1

Finally, we asked whether TRIM25-R54P specific interactors identified in our co-IP/MS were

bona fide TRIM25 substrates. We identified NME1 as one of the most enriched TRIM25-R54P
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interactors in the presence of SINV infection (Table 3, log2FoldChange 3.4-4.8). NMEL1 is a
nucleoside diphosphate kinase and a major synthesizer of non-ATP nucleoside triphosphates, perhaps
best characterized in its role in inhibiting cell migration and proliferation of tumor cells via inhibition
of MAPK signaling (Mdtydsi ez al, 2020). However, the role of NMEL1 in viral replication is not well

studied (Yan ez a/, 2009).

Given its well-characterized role as a metastatic suppressor, we decided to validate NME1 as a
TRIM25 ubiquitination substrate. We first set out to validate TRIM25 interaction with NME1 as
identified in our co-IP/MS (Tables 1-3). To do so, we transfected myc-tagged NME1 or UPF1 to
serve as a positive control in our TRIM25 inducible lines, induced for TRIM25-WT or -R54P
expression, and performed a FLAG IP to pull down TRIM25. We then probed for any associated
UPF1 or NME1. While we saw robust association of UPF1 with both TRIM25-WT and -R54P in
line with our previous results (Figures 12A and 13A, MW -135 kDa), we did not identify NMEI
(Figure 13A, MW 20-25 kDa). We also performed the reverse IP where we pulled down myc-tagged
NMEL, but were unable to find any TRIM25 interacting with NME1 (Figure 13B). We hypothesized
that this lack of TRIM25-NMEI interaction could be due to functional differences between
ectopically expressed myc-NME1 and endogenous NMEL, given our successful validation of the other
robust TRIM25 interactors from our co-IP/MS, G3BP and UPF1 (Figures 11 and 12). To test this
hypothesis, we performed a FLAG IP using our TRIM25 inducible lines and probed for co-IP of
endogenous NME1 along with endogenous G3BP and UPF1 as positive controls. In line with our co-

IP/MS results, endogenous G3BP, UPF1, and NMEI enrich robustly with TRIM25 pulldown,
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Figure 13. TRIM25 interacts with and polyubiquitinates NME1.

(A) Western blot of TRIM25 KO and TRIM25 inducible cells transfected with myc-tagged UPF1 or NME1 in the
presence of 1 ug/mL dox. Lysates were subjected to a FLAG IP. Data are representative of two independent
experiments. (B) Western blot of TRIM25 inducible cells transfected with myc-NMEL in the presence or
absence of 1 pg/mL dox. Lysates were subjected to a myc IP. Data are representative of two independent
experiments. (C) Western blot of TRIM25 KO and TRIM25 inducible cells in the presence of 1 pg/mL dox.
Lysates were subjected to a FLAG IP. Data are representative of two independent experiments. (D) Western
blot of TRIM25 KO and TRIM25 inducible cells treated with 1 pg/mL dox and transfected with myc-NME1 and

HA-Ub. Lysates were subjected to myc IP. Data are representative of three independent experiments.
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despite a low level of non-specific binding of NME1 to the FLAG IP in TRIM25 KO 293T cells

(Figure 13C).

To test whether TRIM25 ubiquitinates NME1, we transfected myc-tagged NMEI1 into
TRIM25-WT and -R54P inducible cells, induced for TRIM25 expression, and performed a myc IP.
We found that NME1 is more robustly polyubiquitinated in the presence of TRIM25-WT as
compared to TRIM25-R54P, although we cannot yet rule out the possibility that TRIM25 might

mono-ubiquitinate NME1 at multiple sites (Figure 13D).

TRIM?25 interacts with PABPC#4 and predominantly modifies it with K63 polyubiquitin chains

We chose PABPC4 as a second example of TRIM25-R54P specific substrates. We identified
PABPC4 as a TRIM25-R54P interactor in the presence of SINV infection (Table 3). PABPC4 is a
member of the poly(A) binding protein (PABP) family, which functions in translation initiation by
binding the mRNA poly(A) tail, thus regulating mRNA translation and stability (Wigington ez 4/,
2014). PABPs have been shown to localize to SGs and to inhibit recruitment of UPF1 to 3’UTRs
(Burgess ez al, 2011; Wigington ez al, 2014). Given their key roles in translation and mRNA
metabolism, PABPs are frequently targeted and manipulated by viruses during infection (Gao ez 4/,
2022). Interestingly, PABPC4 was recently found to broadly inhibit coronavirus replication by
recruiting an E3 ligase to ubiquitinate the viral nucleocapsid protein and target it for degradation (Jiao

et al, 2021).

We first validated the TRIM25-PABPC4 interaction by transfecting myc-tagged PABPC4,
inducing for TRIM25-WT or -R54P expression, and pulling down TRIM25 via FLAG IP. We then

probed for any associated PABPC4. We found that PABPC4 is robustly detected when either TRIM25
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Figure 14. TRIM25 interacts with and polyubiquitinates PABPCA4.

(A) Western blot of TRIM25 KO and TRIM25 inducible cells transfected with myc-tagged PABPC4 in the
presence of 1 ug/mL dox. Lysates were subjected to a FLAG IP. Data are representative of two independent
experiments. (B) Western blot of TRIM25 KO and TRIM25 inducible cells in the presence of 1 pg/mL dox.
Lysates were subjected to a FLAG IP. Data are representative of two independent experiments. (C) Western
blot of TRIM25 KO and TRIM25 inducible cells treated with 1 ug/mL dox and transfected with myc-PABPC4
and HA-Ub-WT. Lysates were subjected to myc IP. Data are representative of two independent experiments.
(D) Western blot of TRIM25-WT inducible cells treated with 1 pg/mL dox and transfected with myc-PABPC4
and HA-Ub-WT, HA-Ub-K48, or HA-Ub-K63. Lysates were subjected to myc IP. Data are representative of

two independent experiments.
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-WT or TRIM25-R54P is induced (Figure 14A), validating the TRIM25-PABPC4 interaction
identified in our co-IP/MS. We also found that both TRIM25-WT and -R54P interact with

endogenous PABPC4 (Figure 14B).

We then asked whether TRIM25 ubiquitinates PABPC4. We transfected myc-PABPC4 into
TRIM25-WT and -R54P inducible cells, induced for TRIM25 expression, and performed a myc IP.
We found that PABPC4 is more robustly polyubiquitinated in the presence of TRIM25-WT as
compared to TRIM25-R54P (Figure 14C). Upon characterizing ubiquitination via transfection of
Ub-K48 or -K63, we found that like G3BP, PABPC4 is most robustly ubiquitinated in the presence
of Ub-K63, suggesting that TRIM25 primarily mediates K63-linked ubiquitination of PABPC4

(Figure 14D).

Taken together, these results suggest that TRIM25-R54P specific interactors identified in our
co-IP/MS, such as NME1 and PABPC4, function as bona fide TRIM25 substrates, and that TRIM25

is able to utilize a range of ubiquitin linkages dependent on the substrate context.

TRIM?25 antiviral activity is dependent on its ligase activity

Given our identification of diverse host factors as TRIM25 substrates (Figures 11-14), many
of which function in translational and RNA processes (Figure 10E) and several of which have known
roles in alphavirus replication, we hypothesized that TRIM25 ligase activity is critical for orchestrating

an antiviral response.

We used TRIM25 inducible cell lines in the KO background (Figure 10A) to characterize the

requirement of ligase activity in TRIM25-mediated viral inhibition. We found that TRIM25-WT,
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which retains ligase activity, represses SINV replication, whereas ligase mutant TRIM25-R54P does
not (Figure 15A). Overexpression of TRIM25-WT (Figure 15A, solid light blue line) dramatically
represses SINV replication by 7-15 fold at earlier timepoints (6-12 hours post infection (h.p.i.)) to 43-
52 fold at later timepoints (24-40 h.p.i.) compared to TRIM25 KO 293T cell lines (Figure 15A,
dotted lines). Interestingly, some replicates fail to initiate infection in the presence of TRIM25-WT,
causing seemingly large variability in viral replication. In contrast, overexpression of ligase-deficient
TRIM25-R54P (Figure 15A, solid dark blue line) restores SINV replication to levels even higher than
the TRIM25 KO background (Figure 15A, dotted lines). Overexpressed TRIM25-R54P may act in a
dominant negative manner by binding to and sequestering ZAP, preventing ZAP from interacting
with its other co-factors. Similarly, we found that overexpression of TRIM25-WT robustly represses
virion production by approximately 36-250 fold at 24-40 h.p.i., whereas overexpression of TRIM25-
R54P restores virion production to comparable levels as the TRIM25 KO background (Figure 15B,

compare solid light blue line to solid dark blue line).

We then investigated at which step TRIM25 may be acting to inhibit SINV infection. Previous
work done by our lab showed that TRIM25 synergized with ZAP in blocking SINV translation (Li ez
al, 2017). We utilized a temperature-sensitive replication-deficient SINV luciferase reporter virus to
characterize the requirement of ligase activity in TRIM25-mediated inhibition of viral translation,
since luciferase activity for this virus represents translation of the incoming viral genome.
Overexpressed TRIM25-WT inhibits viral translation by 6 fold at 6 h.p.i. (Figure 15C), supporting
our hypothesis that TRIM25 blocks alphavirus replication by inhibiting translation of incoming viral

genomes.
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Figure 15. Point mutation in TRIM25 RING domain cripples TRIM25 antiviral activity.

(A-C) Dox inducible TRIM25-WT or -R54P were integrated into TRIM25 KO 293T cells using the ePiggyBac
(ePB) transposon, and induced for TRIM25-WT or -R54P expression at 1 ug/mL dox. Cells were infected with
(A) SINV Toto1101/Luc at an MOI of 0.01 plaque forming unit (PFU)/cell, and lysed at 6, 12, 24, 32, and 40
hours post infection (h.p.i.); data combined from three independent experiments, error bars indicate range; or
(B) Sindbis virus (SINV) Toto1101 at an MOI of 0.01 PFU/cell, harvesting supernatant at 6, 12, 24, 32, and 40
h.p.i. for plaque assays; data representative of two independent experiments, error bars indicate range; or (C)
SINV Toto1101/Luc:ts6 at an MOI of 1 PFU/cell and lysed at 6 h.p.i. for measurement of luciferase activity;
data representative of two independent experiments, error bars indicate standard deviation. (D) Percent
infected cells (GFP+) at MOI of 0.01 PFU/cell (SINV 24 h.p.i.; Ross River virus (RRV) 24 h.p.i.; 0’nyong-nyong
virus (ONNV) 22 h.p.i.; Venezuelan equine encephalitis virus (VEEV) 10 h.p.i.) were normalized to that of the
respective cell line without dox (set to one-fold). Asterisks indicate statistically significant differences, calculated
using (A-B, D) Two-way ANOVA and Tukey’s multiple comparisons test: **, p<0.01; *** p<0.001; ****
p<0.0001; (light blue compares WT +/- dox, dark blue compares R54P +/- dox) or (C) Two-way ANOVA and
Sidak’s multiple comparisons test: **** p<0.0001. Data for each virus (demarcated by dashed lines) was
statistically analyzed independently. (E) TRIM25 inducible cells were treated with poly(l:C) in the presence or
absence of dox, and RNA was harvested for RT-qPCR analysis. mMRNA levels of IFN/ISGs in TRIM25-WT or
R54P were normalized to that of the respective cell line without dox (set to one-fold, horizontal dotted line).
Data representative of two independent experiments. mRNA fold change for each gene (demarcated by vertical
dashed lines) was statistically analyzed independently. Asterisks indicate statistically significant differences as
compared to the -dox condition (Two-way ANOVA and Sidak’s multiple comparisons test: *, p<0.05; ***
p<0.001; *** p<0.0001).
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While we already examined TRIM25 antiviral activity against the Old World alphavirus
CHIKYV, wherein TRIM25-WT inhibits robustly and TRIM25-R54P fails to inhibit (Supplemental
Figure 2.2C), we then asked whether ligase-deficient TRIM25-R54P remains active against other
alphaviruses. We tested other Old World (Ross River virus, RRV; o’nyong-nyong virus, ONNV) and
New World (Venezuelan equine encephalitis virus, VEEV) alphaviruses. TRIM25-WT remains
potently antiviral against all alphaviruses tested, while overexpression of TRIM25-R54P either has no
effect on or restores viral replication to levels higher than the TRIM25 KO background (Figure 15D,
light blue and dark blue shaded bars). Taken together, these data clearly demonstrate that TRIM25-
dependent ubiquitination is required for inhibition of alphavirus replication, specifically through a

block in viral translation.

TRIM?25-mediated viral inhibition is independent of changes in the type I IFN response

To exclude the complementary possibility that TRIM25 is exerting antiviral effects through
affecting type I IFN or ISG production, we quantified the mRNA of IFN-f and the prominent ISGs
IFIT1, ISG15, and OAS2 in the presence of poly(I:C), a dsRNA mimetic and stimulator of innate
immune signaling. If TRIM25 antiviral activity is mediated through a strengthened IFN response, we
would expect that both IFN and ISG production will increase when TRIM25-WT is induced and to
be lower in the presence of TRIM25-R54P due to its defective antiviral activity. Poly(I:C) stimulation
works well, inducing IFN-B robustly both in the presence and absence of TRIM25 induction
(Supplemental Figure 2.3). Surprisingly, we found that overexpression of either TRIM25-WT or
TRIM25-R54P significantly suppresses production of IFN-f, IFIT1, ISG15, and OAS2 mRNA in
the presence of poly(I:C) (Figure 15E). We also observed that induction of TRIM25-WT results in a
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more drastic suppression of the ISGs as compared to TRIM25-R54P (Figure 15E, compare light blue
to dark blue shaded bar), leading to a higher type I IFN response in the TRIM25-R54P inducible cell
line. Together, these data support our hypothesis that TRIM25 antiviral activity is not mediated

through the IFN response.

Identification of TRIM25-R54P specific interactors as critical for viral inhibition

As we showed that the loss of antiviral activity of TRIM25-R54P does not correlate with the
levels of IFN and ISG expression, suggesting a direct consequence of TRIM25-mediated
ubiquitination of target proteins, we then decided to examine TRIM25-R54P interactors identified
in our co-IP/MS that are not consistently present in the TRIM25-WT enrichment (Tables 1 and 3,
non-bolded and non-italicized proteins). These candidate proteins likely exhibit weaker or more
transient interactions with TRIM25 and are ubiquitinated by TRIM25. We hypothesized that if any
of these interactors are critical for TRIM25 antiviral activity, loss of their expression would result in
increased viral replication even in the presence of overexpressed TRIM25-WT. While we initially also
assessed a subset of ribosomal proteins identified as TRIM25-R54P interactors, their knockdown
results in high cytotoxicity and therefore are excluded from subsequent analyses. We validated most
of the TRIM25-R54P interactors that are not present on the TRIM25-WT lists (Tables 1-4) in the
absence (Table 1, Figure 16A, Supplemental Figure 2.4A) or presence of viral infection (Table 3,
Figure 16B, Supplemental Figure 2.4B). While knockdown of multiple interactors trends towards
restoring SINV replication, only loss of RTRAF (Table 1, log2FoldChange 1.6-1.8) and NMEI

(Table 3, log2FoldChange 3.4-4.8) significantly restores SINV replication (Figure 16A-B).

55



9ZSdilN

6SdAIN

LX8A

mm - LEATO

&e -v0davd

10d89vd

LINN
lood IN

3% % % %k

o~ - =)
o o o

-

(n7y) uoneoydas ANIS

o

-4Vl

 Toam—

ﬁ

siRNA pool

-9G310X0

Qm - LVFVNQ
o &mu ~0LAON
©
o

< ©
o o o o o
- -

(NTy) uonesydas ANIS

<

-2dld10d

siRNA pool

inducible

TRIM25 endogenous

D

inducible

abueya pjo}

VNJW $odgvd

TRIM25 endogenous

C

o
-

s
abueyd pjoy
VNYW LIWN

V# $0davd
jood IN

* %M -€# ¥0davd

inducible

-C# ¥0davd

@ - L# ¥Odavd

ood IN

-€# ¥0davd

@ -C# ¥Odavd

endogenous

- L# ¥0davd

5 A © o~ - o
N o o o o o
m - - - - -
E (N7y) uopesydas ANIS

€# LINN
o
Q ¢# LANN
3
ke L# LANN
£

jood IN
w ****@_ —-¢# LINN
[e]
m %k ¢# LANN
g
S L# LINN
c
o lood IN
5 ] o~ - o
N 40 o o o o
m - - - - -
m (n7y) uonesidas ANIS

E

O TRIM25-WT, +dox

A 293T

56



Figure 16. Knocking down TRIM25-R54P specific interactors identifies essential substrates for TRIM25 antiviral
activity.

(A-B) TRIM25 inducible cells were transfected with pooled siRNAs for either (A) hits specific to TRIM25-R54P
in the absence of viral infection or (B) hits specific to TRIM25-R54P in the presence of viral infection. Cells were
induced for TRIM25-WT expression at 1 ug/mL dox, infected with Toto1101/Luc at an MOI of 0.01 PFU/cell,
and lysed at 24 h.p.i. for measurement of luciferase activity. Asterisks indicate statistically significant differences
as compared to the NT pool siRNA (One-way ANOVA, Dunnett’s multiple comparison test; **, p<0.01; ****
p<0.0001). Unlabeled comparisons are not significant. Data are either (A) pooled from or (B) representative of
two independent experiments. (C-F) Parental 293T cells (TRIM25: endogenous) or TRIM25 inducible (TRIM25:
inducible) cells were transfected with individual siRNAs for (C,E) NME1 or (D,F) PABPC4, induced for TRIM25-
WT expression at 1 ug/mL dox, and (C-D) had RNA extracted for RT-gPCR analysis or (E-F) infected with
Toto1101/Luc at an MOI of 0.01 PFU/cell. Cells were lysed at 24 h.p.i. for measurement of luciferase activity.
Asterisks indicate statistically significant differences as compared to the NT pool for each cell line. 293T and
TRIM25-WT cell lines were statistically analyzed independently from one another (One-way ANOVA, Dunnett’s
multiple comparison test; *, p<0.05; *** p<0.0001). Data are representative of two independent experiments
for each cell line.

We decided to de-convolute the siRNA pools for both NME1 and PABPC4, given our
verification of them as bona fide TRIM25 interactors and substrates (Figures 13 and 14). Moreover,
loss of NME1 results in the most significant restoration of SINV replication (Figure 16B). We
hypothesized that siRNAs that induced greater knockdown of NMEI or PABPC4 expression would
also result in greater SINV replication. Therefore, we de-convoluted both NMET and PABPC4 siRNA
pools in both our inducible TRIM25-WT cell line and in the parental 293T cell line, which retains
endogenous TRIM25 and ZAP expression. There, we observed that the degree of both NME1T and
PABPC4 mRNA expression (Figure 16C-D) significantly and negatively correlate with increase of viral
replication (Figure 16E-F), supporting a role for both NME1 and PABPC4 in TRIM25-dependent
alphavirus inhibition. This correlation is more robust in the presence of inducible TRIM25-WT
(NMEL: r = -0.83, p<0.001; PABPC4: r = -0.87, p<0.001) than in the presence of endogenous
TRIM25 (NMET1: r = -0.82, p<0.01; PABPCA: r = -0.74, p<0.01). Altogether, these results suggest
that the antiviral activity of TRIM25 is mediated by multiple substrates. Though knockdown of most

individual interactors on their own does not significantly restore SINV replication, the fact that several
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have demonstrated a phenotype implies that together they may have a larger impact on viral replication.
Further studies need to be performed to determine their synergistic effects on viral infection and

functional consequences of their ubiquitination by TRIM25.

DISCUSSION

Many TRIMs are involved in and ubiquitinate components of multiple cellular and antiviral
processes (Ozato et al, 2008; Rajsbaum ez a/, 2014; Hatakeyama, 2017; Vunjak and Versteeg, 2019).
In this study, we set out to identify TRIM25 substrates by generating a point mutation in the TRIM25
RING domain, R54P, which is predicted to abolish its interaction with E2 carrier enzymes and is
sufficient to cripple TRIM25 ligase activity (Figure 9). We reported identification of TRIM25
substrates involved in nucleic acid metabolism and translation (Figure 10), in line with its role in
blocking viral translation (Li ez a/, 2017). We characterized the ubiquitination of the most enriched
TRIM25 interactors, G3BP (Figure 11) and UPF1 (Figure 12), as well as two TRIM25-R54P specific
interactors during infection, NME1 (Figure 13), and PABPC4 (Figure 14). These represent proteins
with essential cellular functions, some of which with prior involvement in alphavirus infection
(Balistreri ez al, 2014; Gotte ez al, 2019). We also used the TRIM25-R54P mutant to definitively show
the critical role of ubiquitination in TRIM25 antiviral activity that is independent of IFN production
and signaling (Figure 15). We then examined proteins that display a preference for association with
TRIM25-R54P under mock and viral infection conditions, and found that several of these are
necessary for TRIM25 antiviral activity (Figure 106), identifying them as potential TRIM25 substrates

mediating viral inhibition. Our results suggest that targeting of any single substrate by TRIM25 is
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insufficient to mediate the entirety of its cellular and antiviral activities, illustrating the powerful,

multi-faceted role of this ubiquitination network in diverse biological processes.

We propose that the success of this “substrate trapping” approach in identifying TRIM25
ubiquitination substrates hinges on preservation of protein structure. Previous reports that unearthed
the importance of TRIM25 ligase activity in the ZAP antiviral response depended on either deleting
the entire TRIM25 RING catalytic domain or disrupting formation of the RING zinc finger motif,
potentially having an adverse effect on protein folding overall thereby affecting other TRIM25 cellular
functions or interactions (Li ez a/, 2017; Zheng et al, 2017). The R54P point mutation we generated
has been demonstrated to preserve protein structure and cognate interactions in other contexts
(Nomura et al, 2017), instilling greater credibility in our identification of novel TRIM25 substrates.
Moreover, this mutation is predicted to abolish the E3 ligase-E2 conjugating enzyme interaction
(Koliopoulos ez al, 2016), preventing any downstream ubiquitination events and thus prolonging
transient ligase-substrate interactions. The TRIM25-R54P specific hits may have weaker, more
transient, or infection-specific interactions not easily detected by the conventional co-IP/MS approach.
Other “substrate trapping” approaches depend on fusing a polyubiquitin binding domain to the ligase
of interest (Mark ez a/, 2016), which may either disrupt native protein-protein interactions or result
in false-positive identification of ubiquitinated proteins. Moreover, this type of approach would fail to
identify substrates that are not polyubiquitinated, given that ligases can mono or multi-

monoubiquitinate their substrates (Komander and Rape, 2012).

For the first time, we identified G3BP1/2, UPF1, NME1, and PABPC4 as bona fide TRIM25

substrates (Figures 11-14). Furthermore, we were able to characterize TRIM25 polyubiquitination of
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G3BP and PABPC4 as primarily utilizing K63 linkages (Figures 11C and 14D). This type of linkage
is commonly used to build signaling scaffolds, as TRIM25 does to activate RIG-I (Gack ez 4/, 2007),
and could potentially play a role in either SG assembly or disassembly by recruiting SG components
in the former or generating steric hindrance in the latter. Additionally, our validation of K592 as a
mono-ubiquitination site on UPF1 (Figure 12C) overlaps with a predicted acetylation site on the same
residue, and neighbors a predicted phosphorylation site at T595, potentially modulating these other
post-translational modifications of UPF1 (Hornbeck ez 2/, 2015). These residues lie within the AAA
ATPase domain of UPF1, suggesting that ubiquitination of UPF1 by TRIM25 might affect its ATP
hydrolysis, thus hindering UPF1 in its NMD target discrimination and efficient translation
termination (Lee ez a/, 2015b; Serdar ez al, 2016). Interestingly enough, G3BP1 and UPF1 cooperate
to mediate structure-mediated RNA decay (Fischer ez a/, 2020). It is entirely possible that TRIM25-
mediated ubiquitination could affect this process by modulating their interaction with one another,

though further experiments are required to explore this hypothesis.

Though UPF1 and G3BP have previously been implicated as antiviral and pro-viral factors in
alphavirus replication, respectively (Balistreri ez a/, 2014; Gotte et al, 2019), we did not find a role for
either in the TRIM25-ZAP antiviral response (Supplemental Figure 2.2). UPF1 may have an antiviral
role independent of TRIM25, given that its knockdown only rescued viral replication when TRIM25
was absent (Supplemental Figure 2.2E). This hypothesis is supported by a previous report which found
that UPF1 was involved in regulating half-life stability of viral RNA (Balistreri ez a/, 2014), which
TRIM25 does not affect (Li ez al, 2017). On the other hand, G3BP is known to cluster replication

complexes and recruit translation initiation machinery (Gotte ez a/, 2019), which might be disrupted
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through G3BP ubiquitination by TRIM25, resulting in translational suppression. Alternatively, Given
that the G3BP interaction motifs in TRIM25 and nsP3 are similar (Kruse ez a/, 2021; Gotte et al,
2018), it is tempting to speculate that TRIM25 may compete with the viral nsP3 for G3BP interaction
and recruitment, resulting in diminishment of G3BP pro-viral effects. However, the pro-viral roles of
G3BP did not seem to be affected by TRIM25 ubiquitination or lack thereof, given that abolishing
TRIM25-G3BP interaction through overexpression of the TRIM25-PTAA mutant did not rescue
SINV replication and translation nor CHIKV virion production (Supplemental Figure 2.2A-C).
Nevertheless, we noted that the TRIM25-PTAA mutant still preserves some ubiquitination of G3BP
despite completely abolishing the TRIM25-G3BP interaction (Figure 11A-B). Further studies are

warranted to fully elucidate the role of G3BP ubiquitination in TRIM25 antiviral activity.

TRIM25-mediated ubiquitination of NME1 and PABPC4 may interfere with RNA metabolic
processes by altering their stability or ability to bind RNA. Both of these proteins have previously been
demonstrated to be ubiquitinated by other E3 ligases. Ubiquitination of NME1 by the E3 ligase SCF-
FBXO24 targets it for degradation (Chen ez a/, 2015). The ability of TRIM25 to modify another
substrate, G3BP, with both proteolytic K48- and non-proteolytic K63-polyubiquitin linkages, implies
that TRIM25 may also be targeting NME1 for degradation, thereby hindering nucleotide synthesis
and general RNA metabolic processes. On the other hand, ubiquitination of PABPC4 by the E3 ligase
MKRN decreases its affinity for binding mRNA poly(A) tails (Li ez 4/, 2021b). It is interesting to
speculate that TRIM25-mediated polyubiquitination of PABPC4 could regulate PABPC4 binding to
the poly(A) tail on viral RNAs, thus modulating the stability of the RNA and reducing its ability to

form translation initiation complexes.
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We also utilized the TRIM25-R54P mutant to define the requirement for ligase activity in
TRIM25 inhibition of alphavirus replication. We found that TRIM25 ligase activity is absolutely
required for its inhibition of diverse alphaviruses through a block in viral translation (Figure 15A-D).
Interestingly, overexpression of both TRIM25-WT and -R54P results in a dampened IFN response
in our hands (Figure 15E), contrasting with the previously established role of TRIM25 in activating
RIG-I signaling and implicating TRIM25 as a negative regulator of the type I IFN response (Koepke
et al, 2021). Moreover, TRIM25-R54P with a complete loss of antiviral activity actually exhibits
relatively more production of IFN and a subset of ISG mRNAs (Figure 15E). Still, these data together
suggest that the robust TRIM25 antiviral activity against alphaviruses is not mediated through an

augmented IFN response, but through its ligase activity and subsequent ubiquitination network.

Our examination of the contribution of a subset of TRIM25-R54P specific interactors to
TRIM25 antiviral activity has yielded several hits, namely RTRAF, NME1, and PABPC4 (Figure 16).
Though only pooled siRNA knockdown for RTRAF and NME]I gave statistically significant restored
viral replication, pooled siRNA knockdown of PABPC4 still restored viral replication by
approximately 5 fold (Figure 16B). Additionally, both NME1 and PABPC4 expression significantly
and negatively correlated with viral replication (Figure 16C-F). RTRAF, also known as hCLE or
C140rf166, is an RNA binding protein involved in cellular transcription, translation, and RNA
transport, and is required for influenza virus replication (Pérez-Gonzélez et al, 2014; Pazo ez al, 2019;
Rodriguez e al, 2011). Notably, RTRAF is a member of a cap-binding complex that activates mRNA
translation (Pazo ez a/, 2019). Given RTRAF’s role in facilitating translation of mRNA:s, it is therefore

tempting to speculate that RTRAF may be required for translation of alphavirus RNA, and TRIM25-
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mediated ubiquitination of RTRAF may affect its ability to do so. The novel bona fide TRIM25
substrate NME1, which functions as a major synthesizer of non-ATP nucleoside triphosphates, upon
ubiquitination may inhibit alphavirus replication via a similar mechanism as the potent restriction
factor SAMHD1, which depletes deoxynucleotide pools, effectively preventing replication of varied
DNA viruses and reverse transcription of HIV-1 (Deutschmann and Gramberg, 2021). On the other
hand, TRIM25-mediated ubiquitination of NME1 may inhibit its metastatic suppressor activities,
potentially serving as a novel mechanism for TRIM25’s previously described roles in carcinogenesis.
Finally, TRIM25-mediated ubiquitination of PABPC4 could inhibit translation initiation by
interfering with necessary protein-protein interactions to form the mRNA closed loop structure for
ribosomal recruitment. Alternatively, it is possible that PABPC4 could inhibit alphavirus replication
in a manner similar to its general block of coronavirus replication by recruiting TRIM25 to target
alphavirus proteins for degradation (Jiao ez 2/, 2021). Further studies need to be carried out to elucidate
the functional consequences of these TRIM25 substrates in blocking viral translation and other cellular

processes.

The novelty of this work lies within our innovative approach to uncover the multifaceted
TRIM25 ubiquitination network, which is likely involved in mediating TRIM25 cellular and antiviral
functions. Many questions remain unanswered as to how TRIM25-mediated ubiquitination
modulates the activity of these substrates. In contrast to the more binary consequences of K48-linked
dependent degradation, other types of ubiquitin linkage may effect more nuanced cellular changes by
modulating substrate activity and localization (Komander and Rape, 2012). Given TRIM25 proclivity

for K63 linkages in the context of alphavirus infection and innate immunity (Gack ez a/, 2007; Li ez
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al, 2017; Zheng ez al, 2017), we are tempted to speculate that TRIM25 eschews a simple degradation
approach in favor of a more nuanced modulation of substrate activity and localization. Current
therapeutics that harness E3 ligases focus on their degradative power, generating compounds that bring
ligases in close proximity to a target protein for degradation (Liang ez a/, 2020). Further research is

warranted to explore the utility of alternate modes of ubiquitination in biological therapeutics.
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MATERIALS AND METHODS
Cell culture, viruses, and infections

ZAP KO 293T cells (clone 89) and its respective parental 293T cells were generously provided
by Dr. Akinori Takaoka at Hokkaido University (Hayakawa ez 4/, 2011). 293T (parental, ZAP KO,
and TRIM25 KO (see below) with or without inducible expression of TRIM25) were cultured in
Dulbecco’s Modified Eagle Medium (DMEM; Thermo Fisher Scientific, Waltham, MA)
supplemented with 10% fetal bovine serum (FBS; Avantor Seradigm, Radnor, PA). Baby hamster
kidney 21 (BHK-21; American Type Culture Collection, Manasass, VA) cells were cultured in

Minimal Essential Media (Thermo Fisher Scientific) supplemented with 7.5% FBS.

Wild-type SINV (Totol1101), temperature-sensitive SINV (Toto1101/Luc:ts6), SINV
expressing firefly luciferase (Toto1101/Luc), SINV expressing EGFP (TE/5°2]/GFP), CHIKV vaccine
strain 181/clone 25 (generously provided by Scott Weaver, The University of Texas Medical Branch
at Galveston), ONNV expressing EGFP (generously provided by Dr. Steve Higgs, Kansas State
University), RRV expressing EGFP (generously provided by Dr. Mark Heise, University of North
Carolina), and VEEV vaccine strain TC-83 (generously provided by Dr. Ilya Frolov, University of
Alabama at Birmingham) have been previously described (Bick ez a/, 2003; Rice ez al, 1987; Frolova
et al, 2002; Gorchakov et al, 2012; Brault ez al, 2004; Morrison et al, 2006; Atasheva et al, 2010).
Viral stocks and titers for multiplicity of infection (MOI) calculations were generated in BHK-21 cells
as previously described (Bick ez 4/, 2003). Viral infections and plaque assays were performed as
previously described (Bick ez 2/, 2003). TRIM25 inducible cells (see below) were induced for TRIM25

expression and infected with EGFP expressing viruses at an MOI of 0.01 plaque forming unit
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(PFU)/cell, harvested at 10-24 hours post infection (h.p.i.), and fixed in 1% paraformaldehyde for
flow cytometry analysis. Data was acquired using a MACSQuant Analyzer 10 (Miltenyi Biotec,
Auburn, CA) and analyzed using FlowJo (BD Biosciences, Franklin Lakes, NJ). Percent infected

(GFP+) cells was calculated and normalized to the -dox condition of each respective cell line.

Plasmids and transfections

See Supplementary Table 2.1: Cloning primers. Addgene plasmids for HA-tagged ubiquitin
(pRK5-HA-Ubiquitin-WT, #17608; pRK5-HA-Ubiquitin-K48, #17605; pRK5-HA-Ubiquitin-K63,
#176006), UPF1 (pCW57.1-Tet-UPF1IWT, #99146), and PABPC4 (pDESTmycPABPC4, #19877)
were used (Lim ez a/, 2005; Landthaler ez a/, 2008; Feng er al, 2017). Full-length TRIM25 was
generously provided by Dr. Jae U. Jung at the University of Southern California (Gack ez a/, 2007).
Dr. Gerald Mclnerney at the Karolinska Institutet, Sweden, generously provided pGFP-G3BP1 and
pGFP-G3BP2a (Gotte ez al, 2019). The coding sequence of NMEL1 isoform a (NM_198175.1) was
synthesized as a gene fragment (Integrated DNA Technologies, Coralville, IA), where the ends were
flanked by restriction enzyme sites No#/ and Xbal, and random nucleotides were incorporated to
maintain the open reading frame. Dr. Oliver Fregoso kindly gifted us a pcDNA3.1-3XFLAG plasmid.
The 3XFLAG tag was swapped out for a V5 tag or a myc tag using BamHI and HindlII restriction
sites to generate V5-pcDNA3.1 or myc-pcDNA3.1, respectively. The plasmid pcDNA3.1-3XFLAG
was used as an expression vector for TRIM25, pcDNA3.1-V5 for UPF1, and pcDNA3.1-myc for
G3BP1, G3BP2, NMEI, and PABPC4. TRIM25 was cloned into pcDNA3.1-3XFLAG using Xhol
and Xbal restriction sites, while UPF1, G3BP, NME1, and PABPC4 were cloned into either

pcDNA3.1-V5 (UPF1) or pcDNA3.1-myc (G3BP, NMEI, and PABPC4) using the No#/ and Xbal
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restriction sites. TRIM25 RING domain mutants (I15K, R54P, 115K/R54P) were generated by
mutagenesis of pcDNA-3XFLAG-TRIM25 using the QuikChange II XL Site-Directed Mutagenesis
Kit (Agilent Technologies, Santa Clara, CA), while the TRIM25-PTAA mutant was generated using
the Q5 Site-Directed Mutagenesis Kit (New England Biolabs, Ipswich, MA), by performing sequential
mutagenesis reactions to individually mutate each residue to alanine. TRIM25 was cloned into a
3XFLAG expressing ePiggyBac transposon plasmid at the Cla/ and No#/ restriction sites. All plasmids

were verified by sequencing (Genewiz, South Plainfield, NJ).

Cells were transfected using X-tremeGENE9 DNA Transfection Reagent (Roche Life Science,
Basel, Switzerland) at a ratio of 3 pL tol pg DNA according to the manufacturer’s instructions. Empty
vectors (pcDNA3.1-3XFLAG, V5, or myc) were transfected as necessary to keep total plasmid amount

in co-transfections constant.

TRIM25 targeting by CRISPR

The MIT Optimized CRISPR Design portal (crispr.mit.edu) and CHOPCHOP (Labun ez 4/,
2016) (chopchop.cbu.uib.no) were used to design guide RNAs targeting exon 1 of the human
TRIM25 gene (Supplemental Figure 2.1A). The guide with the highest ranking in both scoring
programs (5-CGGCGCAACAGGTCGCGAACGGG-3’) was selected for cloning into the PX459
vector (Addgene, #62988), a non-lentiviral construct that also delivers Cas9 (Ran ez 4/, 2013). Oligos
containing the guide RNA sequences (5- CACCGCGGCGCAACAGGTCGCGAAC-3’ and 5’-
AAACGTTCGCGACCTGTTGCGCCGC-3’) were ligated and cloned into PX459 linearized with
BbsI. 293T cells were transiently transfected with PX459 expressing TRIM25 guide RNA and selected

with 1 pg/mL puromycin the next day to eliminate untransfected cells. Following two days of
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puromycin selection, surviving cells were counted, diluted to 0.3 cell/well in a 96-well plate, and
seeded in 10% FBS DMEM. Single cell clones were expanded and treated with or without puromycin.
Clones sensitive to puromycin, indicating failure to integrate guide RNA expressing vector, were
harvested for immunoblot analysis to assess TRIM25 expression. Five clones (3, 6, 8, 9, and 10) were
selected based on western blotting results indicating complete loss of TRIM25 protein expression
(Supplemental Figure 2.1B). Viral replication within these clones was characterized by infection with
a luciferase-expressing SINV (Toto1101/Luc). Clone #8 was selected for generation of TRIM25
inducible cell lines based on its intermediate viral replication phenotype (Supplemental Figure 2.1C),
similar to previous TRIM25 siRNA data (Li ez a/, 2017). A 600-bp amplicon flanking the gRNA
targeting site was amplified from genomic DNA isolated from each clonal population using a Quick-
DNA Miniprep Plus kit (Zymo Research, Irvine, CA) and KOD Hot Start Master Mix (Millipore
Sigma). Amplicons from clone #8 were sent to Massachusetts General Hospital Center for
Computational and Integrative Biology DNA Core for Complete Amplicon Sequencing, confirming
that CRISPR targeting results in deletions in exon 1 of 7RIM?25, leading to frameshift mutations and

premature stop codons in both alleles (Supplemental Figure 2.1D).

Generation of TRIM25 inducible cell lines

To reconstitute TRIM25 expression (WT and R54P) in our TRIM25 KO 293T cell line
(clone #8; see above for details), we used the enhanced PiggyBac (ePB) transposable element system
provided by the Brivanlou laboratory at the Rockefeller University, as previously described (Lacoste ez
al, 2009; Li er al, 2019). TRIM25 KO 293T cells were transfected with 1:1 ePB transposon vector

encoding TRIM25-WT or TRIM25-R54P and the transposase plasmid. Two days post-transfection,

68



1.5 pg/mL of puromycin was used to select a population of TRIM25 KO 293T cells inducible for
TRIM25-WT, -R54P, or -PTAA, which were then expanded and treated with different amounts of

dox (0.01, 0.1, 1, and 10 pg/mL) to confirm TRIM25 inducible expression by immunoblotting.

Mass spectrometry (MS)

To identify TRIM25 substrates, three 15-cm dishes per condition were seeded with 7.5x10°
TRIM25 inducible or TRIM25 KO 293T cells each in the presence of 1 pg/mL dox. Two days later,
cells were mock infected or infected with Toto1101 at an MOI of 1 PFU/cell. Six hours post infection,
cells were trypsinized, spun down, and lysed in 3 mL of FLAG IP buffer. Supernatant was transferred
to a new 15 mL tube and supplemented with 5 mL of FLAG IP buffer before incubating with 80 pL
of anti-FLAG beads for 45 min at 4°C, rotating. Immunoprecipitates were washed three times in
FLAG IP buffer before elution with 130 pL of 8M urea in 100 mM Tris-HCI, pH 8, shaken for 10
min at 1200 rpm, room temperature. Supernatant was carefully transferred to a new tube and proteins
were precipitated by addition of 4 volumes of -20°C acetone and incubation at 4°C overnight. After
centrifugation at 16,100g for 30 min at 4°C, pellets were washed with -20°C acetone and centrifuged

again.

Dried pellets were processed at the UCLA Proteomics Core. Protein samples were reduced and
alkylated using 5SmM Tris (2-carboxyethyl) phosphine and 10mM iodoacetamide, respectively, and
then proteolyzed by the sequential addition of trypsin and lys-C proteases at 37°C as described
(Mayank ez al, 2019). Digested peptides were resuspended in 5% formic acid and fractionated online
using a 25cm long, 75 pM inner diameter fused silica capillary packed in-house with bulk C18 reversed

phase resin (length, 25 cm; inner diameter, 75 pM; particle size, 1.9 pm; pore size, 100 A; Dr. Maisch
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GmbH) (Jami-Alahmadi ez 2/, 2021). The 140-minute water-acetonitrile gradient was delivered using
a Dionex Ultimate 3000 UHPLC system (Thermo Fisher Scientific) at a flow rate of 300 nL/min
(Buffer A: water with 3% DMSO and 0.1% formic acid and Buffer B: acetonitrile with 3% DMSO
and 0.1% formic acid). Fractionated peptides were ionized and analyzed by tandem mass spectrometry
(MS/MS) Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher Scientific). Label-free
quantitation was performed using the MaxQuant software package (Cox and Mann, 2008). The mass

spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the

PRIDE (Perez-Riverol et al, 2022) partner repository with the dataset identifier PXID034024.

The EMBL Human reference proteome (UP000005640 9606) was utilized for all database
searches. Statistical analysis of MaxQuant output data was performed with the artMS Bioconductor
package (Jimenez-Morales ez a/, 2019) which performs the relative quantification of protein abundance
using the MSstats Bioconductor package (default parameters). Intensities were normalized across
samples by median-centering the log2-transformed MS1 intensity distributions. The abundance of
proteins missing from one condition but found in more than 2 biological replicates of the other
condition for any given comparison were estimated by imputing intensity values from the lowest
observed MS1-intensity across samples and p-values were randomly assigned to those between 0.05

and 0.01 for illustration purposes. Significant hits were defined as interactors that possessed a

log2FoldChange of >1.5 and a -logl10Pvalue > 1.3 (Pvalue < 0.05).

TRIM25 autoubiquitination and co-immunoprecipitation (co-IP) assay

To assess TRIM25 autoubiquitination or co-immunoprecipitation with proteins of interest,

transfected or untransfected cells in 6-well plates were collected and lysed by rotating for 30 min at
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4°C in FLAG IP buffer (100 mM Tris-HCI 8.0, 150 mM NaCl, 5 mM EDTA, 1 mM DTT, 5%
glycerol, 0.1% NP-40) supplemented with a complete protease inhibitor cocktail (Roche), before
spinning down at 14000 rpm for 15 min at 4°C. Anti-FLAG beads (EZview Red ANTI-FLAG M2
Affinity Gel, Sigma-Aldrich, St. Louis, MO) or anti-myc beads (EZview Red ANTI-MYC M2 Affinity
Gel, Sigma-Aldrich) were equilibrated by washing 3 times in FLAG IP buffer. Three hundred pL of
whole cell lysate (WCL) were incubated with 30 pL of anti-FLAG beads for 45 minutes at 4°C,
rotating. Immunoprecipitates were washed 3 times with the FLAG IP buffer. Bound proteins were

eluted with SDS loading buffer and boiled for 5 minutes for immunoblot analysis.

Ubiquitination IP assay

To assess TRIM25 ubiquitination of putative substrates, immunoprecipitation was performed
essentially as previously described (Li ez a/, 2017). Briefly, cells were collected and lysed in 0.5% SDS
buffer supplemented with complete protease inhibitor cocktail (Roche Life Science). Three hundred
pL of WCL were diluted into 1X TNA buffer (0.25% Triton, 50 mM Tris-HCI, pH 7.5; 200 mM
NaCl, 1 mM EDTA) + 2 mg/mL BSA. WCL containing V5-tagged substrates were then incubated
with 1 pg of anti-V5 antibody overnight at 4°C. The next morning, 40 pL Protein A Dynabeads
(Invitrogen, Waltham, MA) were added and incubated for 2 h at 4°C. WCL containing myc-tagged
substrates were incubated with anti-myc beads directly following lysis for 45 minutes at 4°C, rotating.
Following incubation with beads, both myc-tagged and V5-tagged immunoprecipitates were washed
3 times with 1X TNA buffer + 2 mg/mL BSA. Myc-tagged NME1 underwent an additional two
washes with 1X TNA buffer only. Bound proteins were eluted with SDS loading buffer and boiled for

5 minutes for immunoblot analysis.
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Immunoblot analysis

Proteins were resolved through SDS-PAGE using 4-15% precast Mini-PROTEAN TGX Gels
(Bio-Rad, Hercules, CA) and NuPAGE MOPS SDS running buffer (Thermo Fisher Scientific) before
transferring to a PVDF membrane (Bio-Rad). Immunodetection was achieved with 1:5,000 anti-ZAP
(Abcam, Cambridge, United Kingdom); 1:5,000 anti-TRIM25 (BD Biosciences), 1:1,000 anti-HA
(Roche Life Sciences), 1:5,000 anti-V5 (Invitrogen), 1:2,500 anti-myc (Cell Signaling Technology,
Danvers, MA), 1:20,000 anti-FLAG (Sigma-Aldrich), 1:500 anti-G3BP1 (Santa Cruz, Dallas, TX),
1:1,000 anti-G3BP2 (Assay Biotech, Fremont, CA), 1:1,000 anti-UPF1 (Cell Signaling Technology),
1:10,000 anti-NME1 (Abcam), 1:2,000 anti-PABPC4 (Proteintech, Rosemont, IL), and 1:20,000
anti-actin-HRP (Sigma-Aldrich). Primary antibodies were detected with 1:20,000 goat anti-mouse
HRP (Jackson ImmunoResearch, West Grove, PA), 1:20,000 goat anti-rabbit HRP (Thermo Fisher
Scientific), or 1:20,000 donkey anti-rat HRP (Jackson ImmunoResearch). Blots were visualized using
ProSignal Pico ECL Reagent (Genesee Scientific, San Diego, CA) on a ChemiDoc (Bio-Rad).

Quantification of western blots was performed using Image].

siRNA Enockdown

See Supplementary Table 2.2: siRNAs. Ambion Silencer siRNAs and nontargeting controls
(Thermo Fisher Scientific) were reverse transfected with DharmaFECT 1 Transfection Reagent
(Horizon Discovery, Cambridge, United Kingdom) according to manufacturer protocols. Briefly,
siRNAs were mixed with DharmaFECT 1 Transfection Reagent (1:100 dilution in HBSS) and 50 pL
of siRNA mix were added to each well in a 24 well plate, or 100 pL in a 12 well plate. 1.2 x 10° cells

were added per well in 250 pL in a 24 well plate or 2.4 x 10° in 500 pL in a 12 well plate, for a final
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concentration of 25 nM siRNA and total volume of 300 pL or 600 pL. Plates that would be subjected
to SINV infection were first poly-L-lysine treated. Cells were induced for TRIM25 expression using a
final concentration of 1 pg/mL dox one day post-transfection, as applicable. Cells were harvested for
RNA extraction for RT-qPCR to quantify gene knockdown (see below) or subjected to SINV infection
48 h post-transfection. To assess ISG induction in TRIM25 inducible cells upon poly(I:C) treatment,
one day post-transfection cells were treated with 1 pg poly(I:C) HMW (InvivoGen, San Diego, CA)

and 1 pg/mL dox per well. RT-qPCR data were normalized to the -dox condition for each cell line.

Quantitative reverse transcription PCR (RT-qPCR)

See Supplementary Table 2.3: RT-qPCR primers. Total RNA was isolated from siRNA-treated
cells using the RNeasy mini kit (Qiagen, Hilden, Germany) or the Quick-RNA kit (Zymo Research).
400 ng to 1 pg of input RNA was used as a template for RT using Protoscript II First Strand cDNA
Synthesis Kit (New England Biolabs) and random hexamers, following manufacturer instructions.
RT-qPCR was performed using 5 pL of 4 to 10-fold-diluted cDNA, and Luna Universal qPCR Master
Mix (New England Biolabs) in the CFX Real-Time PCR system (Bio-Rad), courtesy of the UCLA
Virology Core. qPCR conditions were as follows: initial denaturation step at 95 °C for 1 min, 40
cycles of 95°C for 15 sec followed by 60°C for 30 sec, concluding with a final 10 sec at 60°C. A melt
curve was calculated by heating to 95°C incrementally by 0.5°C/s for 10 sec at each temperature.
Transcript levels of ISGs and R54P specific interactors were determined by normalizing the target
transcript CT value to the CT value of the RPS11 transcript, an endogenous housekeeping gene. Fold

change was calculated using this normalized value relative to the average of cells treated with the NT

siRNA control (CT method).
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SUPPLEMENTARY MATERIAL
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TRIM25 PAM gRNA target

Wild-type ACCACCCGCTGCAGCCGCCCGTTCGCGACCTGTTGCGCCGCAAATGTTCCCAGCACAATCG
KO allele 1 ACCACCCGCTGCAGCCGCCCGT-CGCGACCTGTTGCGCCGCAAATGTTCCCAGCACAATCG
KO allele2 ACCACCCGCTGCAGCCGC========————————————— AAATGTTCCCAGCACAATCG

Supplemental Figure 2.1. Validation of TRIM25 KO in CRISPR clones.

(A) Schematic of where TRIM25 sgRNA targets exon 1. (B) Western blot of TRIM25 KO CRISPR single cell
clones. (C) Cells were infected with SINV Toto1101/Luc at an MOI of 0.01 PFU/cell and lysed at 6, 12, 24, and
40 h.p.i. for measurement of luciferase activity. (D) CRISPR-targeting region in the genomic sequence of
TRIM25 is shown in clone 8. The alignment shown is in the same reading frame of the wild-type TRIM25 protein.
A red dash represents a deletion when compared to the wild-type TRIM25 sequence.
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Supplemental Figure 2.2. G3BP and UPF1 are insufficient to mediate TRIM25 antiviral activity.

(A-C) TRIM25-inducible cells were induced for TRIM25-WT, -R54P, or -PTAA expression at 1 pg/mL dox,
infected with (A) SINV Toto1101/Luc at an MOI of 0.01 PFU/cell, and lysed at 6, 12, 24, 32, and 40 h.p.i.; or
with (B) SINV Toto1101/Luc:ts6 at an MOI of 1 PFU/cell and lysed at 0, 2, 4, and 6 h.p.i. for measurement of
luciferase activity; or (C) CHIKV at an MOI of 0.01 PFU/cell, harvesting supernatant at 6 and 24 h.p.i. for plaque
assays. Open circles and dashed lines indicate absence of TRIM25 induction. Data are representative of two
independent experiments. Error bars represent (A-B) range or (C) standard deviation. Asterisks indicate
statistically significant differences (Two-way ANOVA and Tukey’s multiple comparisons test: **, p<0.01; ***,
p<0.001; **** p<0.0001). Light blue compares WT +/- dox, dark blue for R54P +/- dox, and green for PTAA
+/- dox. Unlabeled comparisons are not significant. (D) TRIM25-WT inducible cells were transfected with NT
pool siRNA or UPF1 siRNAs in the absence of dox. RNA was extracted 24 hours post-transfection for RT-
gPCR analysis. Data are combined from two independent experiments. (E-F) TRIM25-WT inducible cells were
transfected with NT pool siRNA or UPF1 siRNA #1, induced for TRIM25-WT expression at 1 pg/mL dox, and
infected with Toto1101/Luc at an MOI of 0.01 PFU/cell. Cells were lysed at 24 h.p.i. for (E) measurement of
luciferase activity or (F) quantification of UPF1 knockdown via RT-qPCR. Data are combined from three
independent experiments. Asterisks indicate statistically significant differences (Two-way ANOVA and Sidak's
multiple comparisons test: **** p<0.0001). Unlabeled comparisons are not significant.
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Supplemental Figure 2.3. Poly(l:C) treatment robustly induces /FNV-8 mRNA expression.

(A-B) TRIM25 inducible cells were treated with poly(l:C) in the presence or absence of (A) TRIM25-WT or (B)
TRIM25-R54P induction. RNA was harvested for RT-gPCR analysis. Data are representative of two
independent experiments.
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Supplemental Figure 2.4. Validation of pooled siRNA knockdown.

(A-B) TRIM25 inducible cells were transfected with pooled siRNAs for either (A) hits specific to TRIM25-R54P
in the absence of viral infection or (B) hits specific to TRIM25-R54P in the presence of viral infection. Cells were
induced for TRIM25-WT expression at 1 ug/mL dox. RNA was extracted for RT-qPCR analysis.
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Supplementary Table 2.1. Cloning primers.

Primers used for mutagenesis and cloning of all DNA constructs.

Name Primer sequence (5’-3’) Construction
ﬁ?‘z'Ef_'j';)TR'M% gtttCTCGAGQIATCGATATGGCAGAGCTGTGCCCC Eggz%%%?ﬁggﬁ’ﬁh -
éﬁe‘('é'\\;f’i;)m”\"% gttTCTAGAGCGGCCGCCTACTTGGGGGAGCAGATGGAG ggggsgégﬁggl%@%
(TE'_‘\’('_'V'l%?"wK Fl | AGGAGCTGTCGTGCTCCAagTGCCTGGAGE PCDNA-3XFLAG-TRIM25-115K
(TEFi'_'\ﬁ?"wK RL | GCTCCAGGCACITGGAGCACGACAGCTCCT PCDNA-3XFLAG-TRIM25-115K
(TE"‘\’('_Mé?'RMP FL | cceeeacTaececaeeaTeTACe PCDNA-3XFLAG-TRIM25-R54P
E_’ﬁ?‘RMP Rl | GGTAGACGGCGGGGCACTGCGGE PCDNA-3XFLAG-TRIM25-R54P
(TE"‘\’('_'\"é;PTAG FL | ceTTeccacegeTaeAGCCCC PCDNA-3XFLAG-TRIM25-PTAA
(TE%'_'\g;PTAA F1 | cccaceaeTaeAGCCCCGGAA PCDNA-3XFLAG-TRIM25-PTAA
(TE"‘\’('_'\"éi;PTAA R2 | AAGCTTGCTGGGTAAGGCAGGG PCDNA-3XFLAG-TRIM25-PTAA
gf)“'UPFl FLEY- | 5ttteCGGCCGCaGTGGAAGCCTATGGGCS PCDNA-V5-UPF1

ga_';;r FLRI gttTCTAGAGCCACGTTGCTTAGCTCTTC PCDNA-V5-UPF1

('\é‘\’(t_'ﬁgfpl FL | gtttGCGGCCGCaGTGATGGAGAAGCCTAGTCCCC PCDNA-myc-G3BP1
gi_'igg)Bpl RL | gtTCTAGATTACTGCCGTGGCGCAAG PCDNA-myc-G3BP1
('\é‘\’(t_"lgifpz Fl | gtttGCGGCCGCaGTTATGCAGAAGCCCAGTCCG PCDNA-myc-G3BP2

ét;a_g%:g BP2 R1 gHttTCTAGAtcagcgacgctgtectgtg PCDNA-myc-G3BP2
('\é‘:'_‘o'\g;"ﬂ F1 gtctGCGGCCGCTGTGCTACTGTCTACTTTAGG PCDNA-myc-NME1

éb:_'b'\é')\"ﬂ RL | ggtaTCTAGATTATTCATAGATCCAGTTCTGAGC PCDNA-myc-NMEL
(’\é‘:'_‘:’;?BPC“ FL | gttGCGGCCGCAACGCTGCGGCCAG PCDNA-myc-PABPC4
éb:_';g)*BPC“ RL | ggtaTCTAGACTAAGAGGTAGCAGCAGCAACA PCDNA-myc-PABPC4
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Supplementary Table 2.2. siRNAs.

Gene Gene | siRNA | Exon(s .
Full Gene Name (s) Sense siRNA Sequence

Symbol ID ID Targeted

CXorf56 frgm“ggome Xopenreading | ga935 | 29642 | 3 GGCAUUGAACGACAGUACALt

CXorf56 frgrrg?ggome Xopenreading | gag35 | 29736 | 3 GGAAGAAAUGUGCAAAGUGH

CXorf56 frgm“ggome Xopenreading | gag55 | 127302 | 7 GCAUUUAGAUCAGGAGGCALt

DNAJAL | Dnad (Hspa0) homolog, 3301 | 10092 |2 GGAGAGAAGUUUAAACAGAL
subfamily A, member 1

DNAJAL | Dnad (Hspa0) homolog, 3301 | 10180 |3 GGGAAUUAUAUGACAAAGGt
subfamily A, member 1 =

DNAJAL | DnaJ (Hspa0) homolog, 3301 | 144744 | 5 GCGGAUCAGUCCUAAAGAUL
subfamily A, member 1 =

GLYR1 Egﬁﬁff reductase 1 84656 | 109777 | 15 GGAUCUCCGCUUAGCCAUUL

GLYR1 Eg’r‘:ﬁfée reductase 1 84656 | 109778 | 15 GGUGUACAAAAGAGCCAAGHt

GLYR1 Eg’r?]’gl"c‘;";e reductase 1 84656 | 113776 | 4 GCCAUAUCAUGCUCAUAAALt

Movio | Movi0, Moloney leukemia 4343 | 28823 |2 GGGCUGAGUAUCUUCAUGGtt
virus 10, homolog (mouse) -

Movio | Mov10, Moloney leukemia 4343 | 28919 |4 GGAGCCGGCACAUUCUACAL
virus 10, homolog (mouse)

Movio | Mov10, Moloney leukemia 4343 | 20008 | 20 GGAAGAAAACUCUGAAAACH
virus 10, homolog (mouse) -

MRPs26 | Mitochondrial ribosomal 64949 | 32714 |3 GGAAGAGGUGAAAAACUUCH
protein S26

MRPs26 | Mitochondrial ribosomal 64949 | 130988 | 4 CCAUGUAUGUAUCAUGGCGtt
protein S26

MRPS26 | Mitochondrial ribosomal 64949 | 130989 | 4 GGAAGGUUCAGCCUUAUCCt
protein S26 -

MRPS9 g‘ct)‘t’(;zoé‘g”a' ribosomal 64965 | 131876 | 6 CCAGAGACGUGAUUGGCAGtt

MRPS9 ?r'(t)‘t’gr‘]ogg”a' ribosomal 64965 | 131877 | 10 GCAAUACGACUGGCAAUGG

MRPS9 g‘ct)‘t’(;zoé‘g”a' ribosomal 64965 | 131878 | 10 GCUGGACUACUUACUACUGHt

NCL nucleolin 4691 | 16052 | 2 GGAGGUAGAAGAAGAUAG ULt

NCL nucleolin 4691 | 16225 | 7 GGAAAAGACAGUAAGAAAGH

NCL nucleolin 4691 | 144014 | 2 GGUCGUCAUACCUCAGAAGHt

NME1L NME/NM23 nucleoside 4830 |41 23 GGAUUCCGCCUUGUUGGUCIH
diphosphate kinase 1

NME1 NME/NM23 nucleoside 4830 | 42 3,4 GGAACACUACGUUGACCUGHt
diphosphate kinase 1 -

NME1L NME/NM23 nucleoside 4830 | 43 56 GGCUGUAGGAAAUCUAGUUL
diphosphate kinase 1

paBpc1 | POW(A) binding protein, 26986 | 11745 | 8 GGUUACUUCAUGGCAGCUALt
cytoplasmic 1 =

pABPC1 | POW(A) binding protein, 26986 | 11834 | 15 GGGACCAUGAAAAGAAACULt
cytoplasmic 1

pagpc1 | POVA) binding protein, 26986 | 216913 | 8 GCUGUUCCCAACCCUGUAALt
cytoplasmic 1 =

pABPC4 | POVA) binding protein, 8761 | 13771 |1 GGCCAUGCUGUACGAAAAGHt
cytoplasmic 4 (inducible form) | =~

paBpC4 | POYA) binding protein, 8761 | 13867 |2 GGGAAAGCCAAUCCGCAUCH
cytoplasmic 4 (inducible form)
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poly(A) binding protein,

PABPC4 ding protel 8761 | 13959 |6 GGAGAGAAUUAGUCGAUAULt
cytoplasmic 4 (inducible form) | =

poLDIp2 | Polymerase (DNA-directed), | ,q475 | 147585 | 6 GGUUCCCAUCCAACAUGAALt
delta interacting protein 2

poLDIp2 | Polymerase (DNA-directed), | 55 | 147586 | 11 GCUUUAGGUAUGGAUUGAULtt
delta interacting protein 2 =

poLDIp2 | Polymerase (DNA-directed), | ,q475 | 147587 | 11 CGUGAGGUUUGAUCAGUAALt
delta interacting protein 2

RTRAF | RNA transcription, ransfation, | )54 | 53656 | 2 GGGAAUUUAAGAAACAUCCI
and transport factor =

RTRAF | RNAtranscription, ranslation, | 1647 | 134783 | g GGCAAUUAUUGCUGAUCCALt
and transport factor

RTRAF | RNA transcription, translation, | 1647 | 134784 | 8 CCUACUUAGUACAGUUGGGtt
and transport factor =

UPF1 UPF1 regulator of nonsense | o965 | 15197 | GGAAGAUGAAGAAGACACCt
transcripts homolog (yeast) =

UPF1 UPF1 regulator of nonsense | o6 | 1559 | 4 GGGCAAAAUGCAAAGAGGUtt
transcripts homolog (yeast)

UPF1 UPF1 regulator of nonsense | g9, | 15379 | 24 GGAAAAAAAACUUCGCAUUL
transcripts homolog (yeast) =

YBX1 Y box binding protein 1 4904 5109 2 GGUUUUGGGAACAGUAAAALt

YBX1 Y box binding protein 1 4904 5291 3 GGAAGAUGUAUUUGUACACItt

YBX1 Y box binding protein 1 4904 | 115541 | 5 GGCAGCAAAUGUUACAGGUIt
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Supplementary Table 2.3. RT-qPCR primers.

Primers used to quantify target gene mRNA levels by RT-qPCR analysis.

Target gene Name Primer sequence (5’-3")
CXorf56 CXorf56 RT-gPCR F1 (EY-181) CGGTCCCGTGTGATTGATG
CXorf56 CXorf56 RT-gPCR R1 (EY-182) CCGCAGATACATAGTCTCCTCAT
DNAJA1 DNAJA1 RT-gPCR F1 (EY-183) ACTGGAGCCAGGCGATATTAT
DNAJA1 DNAJA1 RT-gPCR R1 (EY-184) CTTCAACGAGCTGTATGTCCAT
GLYR1 GLYR1 RT-qPCR F1 (EY-185) AGAAACCTCGCGGAAAGAAAT
GLYR1 GLYR1 RT-qPCR R1 (EY-186) GACAGCATCTACCGCTTGC
IFIT1 IFIT1 RT-qPCR F1 (EY-134) TTGATGACGATGAAATGCCTGA
IFIT1 IFIT1 RT-gPCR R1 (EY-135) CAGGTCACCAGACTCCTCAC
IFN-B IFN-B RT-gPCR F1 (EY-98) GTCAGAGTGGAAATCCTAAG
IFN-B IFN-B RT-gPCR R1 (EY-99) ACAGCATCTGCTGGTTGAAG
ISG15 ISG15 RT-gPCR F1 (YD-09) GGCTGGGAGCTGACGGTGAAG
ISG15 ISG15 RT-gPCR R1 (YD-10) GCTCCGCCCGCCAGGCTCTGT
MOV10 MOV10 RT-gPCR F1 (EY-151) GGGCCAGTGTTTCGAGAGTTT
MOV10 MOV10 RT-gPCR F1 (EY-152 TCTTGGTGACGTAGGCCAGA
MRPS26 MRPS26 RT-gPCR F1 (EY-189) CCAAATCCAAGATCGAGCGAG
MRPS26 MRPS26 RT-gPCR R1 (EY-190) GGCGGTAGTGCTGGTAACG
MRPS9 MRPS9 RT-gPCR F1 (EY-191) TGTAACCAGAGACGTGATTGGC
MRPS9 MRPS9 RT-gPCR R1 (EY-192) TAGCAGCCGAATGAACTGCAT
NCL NCL RT-gPCR F1 (EY-193) GCACCTGGAAAACGAAAGAAGG
NCL NCL RT-gPCR R1 (EY-194) GAAAGCCGTAGTCGGTTCTGT
NME1 NME1 RT-qPCR F1 (EY-159) AAGGAGATCGGCTTGTGGTTT
NME1 NME1 RT-qPCR R1 (EY-160) CTGAGCACAGCTCGTGTAATC
OAS2 OAS2 RT-gPCR F1 (YD-11) CGGTGTATGCCTGGGAACAGG
OAS2 OAS2 RT-gPCR R1 (YD-12) GGGTCAACTGGATCCAAGATTAC
PABPC1 PABPC1 RT-qPCR F1 (EY-195) CAGGCTCACCTCACTAACCAG
PABPC1 PABPC1 RT-qPCR R1 (EY-196) GGTAGGGGTTGATTACAGGGT
PABPC4 PABPC4 RT-qPCR F1 (EY-197) TGGTAAGACCCTAAGTGTCAAGG
PABPC4 PABPC4 RT-gPCR R1 (EY-198) TCCTCGTGTTTTTCGTAACTCAC
POLDIP2 POLDIP2 RT-gPCR F1 (EY-199) CACCTCTCGTCCCGAAACC
POLDIP2 POLDIP2 RT-gPCR R1 (EY-200) CCATTCTGTTTTGGCACCTCAA
RPS11 RPS11 RT-gPCR F1 GCCGAGACTATCTGCACTAC
RPS11 RPS11 RT-gPCR R1 ATGTCCAGCCTCAGAACTTC
RTRAF RTRAF RT-gPCR F1 (EY-221) TTCCGACGCAAGTTGACGG
RTRAF RTRAF RT-gPCR R1 (EY-222) CTGTCTTCAATCTTGTAGTGCCT
UPF1 UPF1 RT-gPCR F1 (EY-149) CTGCAACGGACGTGGAAATAC
UPF1 UPF1 RT-gPCR R1 (EY-150) ACAGCCGCAGTTGTAGCAC
YBX1 YBX1 RT-gPCR F1 (EY-223) GGGGACAAGAAGGTCATCGC
YBX1 YBX1 RT-gPCR R1 (EY-224) CGAAGGTACTTCCTGGGGTTA
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Chapter 3

The role of ZAP and TRIM25 RNA binding

in restricting viral translation
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ABSTRACT

The innate immune response controls the acute phase of virus infections; critical to this
response is the induction of type I interferon (IFN) and resultant IFN-stimulated genes to establish
an antiviral environment. One such gene, zinc finger antiviral protein (ZAP), is a potent antiviral
factor that inhibits replication of diverse RNA and DNA viruses by binding preferentially to CpG-
rich viral RNA. ZAP restricts alphaviruses and the flavivirus Japanese encephalitis virus (JEV) by
inhibiting translation of their positive-sense RNA genomes. While ZAP residues important for RNA
binding and CpG specificity have been identified by recent structural studies, their role in viral
translation inhibition has yet to be characterized. Additionally, the ubiquitin E3 ligase tripartite motif-
containing protein 25 (TRIM25) has recently been uncovered as a critical co-factor for ZAP’s
suppression of alphavirus translation. While TRIM25 RNA binding is required for efficient TRIM25
ligase activity, its importance in the context of ZAP translation inhibition remains unclear. Here, we
characterized the effects of ZAP and TRIM25 RNA binding on translation inhibition in the context
of the prototype alphavirus Sindbis virus (SINV) and JEV. To do so, we generated a series of ZAP and
TRIM25 RNA binding mutants, characterized loss of their binding to SINV genomic RNA, and
assessed their ability to interact with each other and to suppress SINV replication, SINV translation,
and JEV translation. We found that mutations compromising general RNA binding of ZAP and
TRIM25 impact their ability to restrict SINV replication, but mutations specifically targeting ZAP
CpG-mediated RNA binding have a greater effect on SINV and JEV translation inhibition.

Interestingly, ZAP-TRIM25 interaction is a critical determinant of JEV translation inhibition. Taken
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together, these findings illuminate the contribution of RNA binding and co-factor interaction to the

synergistic inhibition of viral translation by ZAP and TRIM25.

BACKGROUND

The type I interferon (IFN) response is one of the first lines of cellular defense against invading
pathogens. The IFN-induced zinc finger antiviral protein (ZAP) is a potent inhibitor of diverse RNA
and DNA viruses (Yang and Li, 2020; Ficarelli ez @/, 2021). ZAP encodes at least four splice isoforms,
two of which, ZAPS (short) and ZAPL (long) are well characterized (Charron ez a/, 2013; Li et al,
2019; Schwerk ez al, 2019). ZAPS and ZAPL share the N-terminal CCCH zinc fingers (ZnFs) that
mediate RNA binding while ZAPL has an additional C-terminal catalytically inactive poly(ADP-
ribose) polymerase (PARP)-like domain, which contributes to its greater antiviral activity compared
to the IFN-inducible ZAPS (Yang and Li, 2020; Ficarelli ez a/, 2021). Two primary mechanisms of
ZAP antiviral activity include targeting viral RNA for degradation and suppressing viral translation
(Yang and Li, 2020). However, it remains largely unclear how ZAP is able to coordinate multiple
means of viral antagonism while lacking enzymatic activity on its own. These mechanisms appear to
be dependent on viral context. For example, ZAP is thought to inhibit human immunodeficiency
virus-1 (HIV-1) primarily by targeting its RNA for degradation (Zhu ez 4/, 2011, 2012). On the other
hand, ZAP inhibits alphavirus replication by suppressing translation of incoming viral genomes, and
inhibits replication of Japanese encephalitis virus (JEV) by both RNA degradation and translation
suppression (Bick ez a/, 2003; Chiu ez a/, 2018). In addition to inhibiting viral replication by binding

directly to viral RNA, ZAP also recruits cellular co-factors, such as exosome components, the putative
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endonuclease KHNYN, and the E3 ligase tripartite motif containing protein 25 (TRIM25) (Guo et

al, 2007; Li et al, 2017; Zheng et al, 2017; Ficarelli ez al, 2019).

Earlier efforts to elucidate ZAP RNA binding activity showed that ZAP binds RNA with its
four N-terminal CCCH ZnFs, and mutations of ZnFs 2 and 4 most dramatically reduce ZAP antiviral
activity (Guo et al, 2004). The first structural study of only the N-terminal region of ZAP (NZAP)
posited that the four ZnFs form two distinct RNA binding cavities; however, this study did not directly
show ZAP bound to RNA (Chen ez a/, 2012). In recent years, much focus has been given to the
discovery of ZAP as a CpG dinucleotide sensor in the context of HIV-1 infection (Takata ez a/, 2017;
Ficarelli ez al, 2019). Since then, two studies have elucidated the structure of ZAP complexed with
CpG-containing RNA and identified critical residues responsible for its CpG binding specificity
(Meagher ez al, 2019; Luo et al, 2020). While several studies characterized ZAP RNA binding activity,
they have done so in the context of only NZAP or only ZAPL and not ZAPS, and primarily focused
on the mechanism of RNA degradation (Chen ez a/, 2012; Meagher ez al, 2019; Luo et al, 2020;
Gongalves-Carneiro ez al, 2021). Moreover, most did not utilize full-length viral RNA for measuring
ZAP RNA binding activity, instead assaying with only a ZAP-sensitive fragment (Chen ez a/, 2012;
Luo et al, 2020). Meanwhile, it has been suggested that translation inhibition may be preceded by and
required for ZAP-mediated mRNA degradation (Zhu ez a/, 2012). Furthermore, these ZAP RNA
binding studies have mostly expressed RNA binding mutants against the background of endogenous

ZAP and TRIM25.
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While much attention has been given to characterizing ZAP RNA binding, less has been given
to its critical co-factors such as TRIM25. TRIM25 was identified as a ZAP co-factor in the context of
inhibiting alphavirus translation (Li ez 4/, 2017; Zheng ez al, 2017). However, it remains unclear
whether TRIM25 modulates the RNA binding activity or specificity of ZAP. Like ZAP, TRIM25 is
an RNA binding protein (Choudhury ez a/, 2017; Sanchez et al, 2018; Garcia-Moreno et al, 2019).
TRIM25 RNA binding has been mapped to two separate motifs: a 39-amino acid stretch in the C-
terminal PRY-SPRY domain (Choudhury ez 2/, 2017), and a lysine-rich sequence (7K) within the L2
linker connecting the coiled-coil and PRY-SPRY domains (Sanchez ez 2/, 2018). TRIM25 also appears
to preferentially bind G- and C-rich sequences, and prefers mRNAs and long intergenic non-coding
RNAs (Choudhury ez 4/, 2017). TRIM25 RNA binding is required for its ubiquitin ligase activity
(Choudhury ez a/, 2017), which in turn is required for its function in ZAP antiviral activity (Li ez 4/,
2017; Zheng et al, 2017). Both TRIM25 and ZAP directly bind SINV RNA, and have been
demonstrated to associate more strongly with SINV RNA during infection (Guo ez a/, 2004; Garcia-
Moreno et al, 2019). TRIM25 and ZAP also associate with one another, with the ZAP interaction
motif within TRIM25 mapped to its C-terminal PRY-SPRY domain (Li ez 2/, 2017). Meanwhile, the
TRIM25 interaction motif for ZAP is thought to reside within its N-terminal ZnFs (Gongalves-
Carneiro et al, 2021), though the additional PARP-like domain within ZAPL may contribute to

TRIM25 binding as well by modulating proper localization (Kmiec ez a/, 2021).

While some have attempted to illuminate the contribution of ZAP or TRIM25 RNA binding
to the ZAP-TRIM25 interaction, these studies have focused on only a few select mutations. Still, most

agree that RNA binding in either ZAP or TRIM25 is not required for the ZAP-TRIM25 interaction.
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One group demonstrated not only that RNase A treatment has little effect on the ZAPL-TRIM25
interaction, but also that an example ZAPL RNA binding mutant retains and even increases its
interaction with TRIM25 (Gongalves-Carneiro et 2/, 2021). Another showed the TRIM25 mutant in
which the 7K motif is replaced with alanines (abbreviated as 7KA) associates more strongly with ZAP
(Gongalves-Carneiro ez al, 2021), while a third found that the TRIM25 mutant with a deletion of the
39-amino acid sequence in the PRY-SPRY domain (abbreviated as ARBD) fails to bind ZAP at all
(Choudhury ez a/, 2017). Still, it is important to note that the RNA binding motif deleted in TRIM25
ARBD is located within the same PRY-SPRY domain that TRIM25 uses to interact with ZAP,
complicating these findings, and that the same study corroborated previous findings that RNase A

treatment has little impact on the ZAP-TRIM25 interaction (Choudhury ez a/, 2017).

In light of the recent novel structural insights, we asked how different ZAP and TRIM25 RNA
binding mutations affect the ability of ZAP and TRIM25 to interact with one another and to restrict
SINV and JEV translation. We curated a panel of ZAP and TRIM25 RNA binding mutants from
prior studies, including mutants with a range of RNA binding and antiviral capabilities (Guo ez 4/,
2004; Chen et al, 2012; Meagher ez al, 2019; Luo ez al, 2020). We first characterized these ZAP and
TRIM25 mutants’ direct binding to SINV RNA. We then asked how their ability to bind RNA affects
their ability to interact with one another. Generally, we observed that ZAP mutants that fail to bind
SINV RNA interact more strongly with TRIM25. In contrast, we observed that the TRIM25 7KA
mutant binds both SINV RNA and ZAP more strongly than TRIM25 wild-type (WT), and that the
TRIM25 ARBD mutant is too unstable to have any detectable interaction with ZAP. Moreover, we

generally found that mutants that fail to bind SINV RNA also fail to inhibit SINV replication and
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translation, with residues important for CpG recognition playing a critical role in ZAP translation
inhibition. Surprisingly, when we tested the ability of ZAP and TRIM25 RNA binding mutants to
inhibit translation of a JEV replicon, some mutants demonstrate increased antiviral activity, while
those with mutations in residues important for CpG recognition have reduced activity. We then
performed a correlation analysis to determine which ZAP properties are necessary for its antiviral
activity against SINV and JEV. We found a significant negative correlation between ZAP SINV RNA
binding and ZAP-TRIM25 interaction. We also found a significant positive correlation between ZAP
SINV RNA binding and SINV replication inhibition, as well as between ZAP-TRIM25 interaction
and JEV translation inhibition. These data together suggest that ZAP RNA binding and interaction
with TRIM25 may form two distinct determinants for ZAP antiviral mechanisms in different viral
contexts, even while they appear to be inversely correlated in the context of binding to SINV RNA.
Altogether, this study furthers our understanding of how viral RNA binding and interaction with co-

factors might modulate translation inhibition by ZAP.

RESULTS
ZAP and TRIM25 RNA binding mutants show a range of binding to SINV genomic RNA

To investigate the role of ZAP and TRIM25 RNA binding in the context of viral translation,
we generated a panel of constructs with mutations previously demonstrated to impact RNA binding.
For ZAP, each of the following mutations was introduced both in ZAPS and ZAPL to probe potential
isoform differences in RNA binding and antiviral function. These mutations fall into two general
categories: 1) ZnF mutants that individually disrupt each CCCH motif and 2) CpG RNA binding

cavity mutants. We made four individual mutations to disrupt each N-terminal CCCH ZnF: H86K,
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C88R, C168R, and H191R, which are located in ZnF 1, 2, 3, and 4, respectively (Guo ez a/, 2004).
Two putative RNA binding cavities were previously identified based on a crystallized NZAP structure
without bound RNA (Chen ez 4/, 2012). Therefore, we also made two triple mutations in the two
RNA binding cavities contained within the ZnFs: V72A/Y108A/F144A (abbreviated as VYF), found
within ZnFs 2-3, and H176A/F184A/R189A (abbreviated as HFR), found within ZnF 4 (Chen ez 4/,
2012). More recent studies have elucidated structures of NZAP bound to CpG-containing RNA
(Meagher ez al, 2019; Luo et al, 2020). Building on this work, we made two double mutations and
one triple mutation within the ZnFs that mediate CpG dinucleotide-specific binding. These
mutations are C96A/Y98A (abbreviated as CY) and K107A/Y108A (abbreviated as KY) within ZnF
2,and E148A/K151A/R170A (abbreviated as EKR) within ZnF 3, which demonstrate a range of RNA
binding and antiviral activities (Meagher ez a/, 2019; Luo ez a/, 2020). NZAP mutants CY, KY, and
EKR previously demonstrated loss of antiviral activity against a SINV NanoLuc luciferase reporter
virus, with EKR exhibiting the least defect as compared to NZAP WT (Luo et a/, 2020). Notably, the
individual mutations Y108A/F and F144A/Y appear to be critical for ZAP recognition of CpG-rich
RNA, wherein they completely and partially abolish ZAP’s ability to discriminate between CpG-rich

and CpG-deficient strains of HIV-1, respectively (Meagher ez a/, 2019; Luo ez al, 2020).

For TRIM25, we generated two constructs, one in which we replaced the lysine-rich motif in
the L2 linker with alanines (TRIM25 7KA) (Sanchez et 4/, 2018) and one in which we deleted the

RNA binding domain in the PRY-SPRY domain (TRIM25 ARBD) (Choudhury ez a/, 2017).
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We cloned each of these ZAP and TRIM25 WT or RNA binding mutants into a pcDNA3.1-
3XFLAG and/or -myc plasmid, allowing for transient expression of each construct following
transfection into ZAP or TRIM25 KO 293T cells. We titrated the amount of plasmid to transfect for
each construct to ensure even expression across constructs and with ZAPS, ZAPL, and TRIM25 WT
(Supplemental Figure 3.1). Because the ZAP CpG RNA binding cavity mutants generally express at
higher levels than the ZnF mutants, we decided to transfect two amounts of ZAPS and ZAPL WT in
our assays to match these two expression patterns. We then assessed the ability of the ZAP and
TRIM25 mutants to bind SINV genomic RNA by an iz vitro RNA pull-down assay. We incubated
lysates of cells transfected with ZAP or TRIM25 mutants with biotin-labeled SINV (Toto1101 strain)
genomic RNA, allowing for RNA and bound protein to be immunoprecipitated using streptavidin
beads and probed for the presence of bound ZAP or TRIM25. As a negative control, we also assessed
the ability of the WT constructs to bind firefly luciferase (Fluc) RNA. We quantified the resultant
ZAP and TRIM25 bound to RNA and normalized to input ZAP and TRIM25 protein levels with
Image]. The ZnF mutations in both ZAPS and ZAPL drastically reduce all SINV RNA binding, with
only the ZAPS and ZAPL ZnF 1 mutant (H86K) and the ZAPS ZnF 3 mutant (C168R) showing low
levels of binding (Figure 17A). In contrast, mutations in the CpG RNA binding cavities result in a
range of binding phenotypes. For both ZAPS and ZAPL, the VYF, CY, and KY mutants show
complete to near complete loss of SINV RNA binding, while the HFR and EKR mutants show similar

to increased RNA binding relative to ZAPS and ZAPL WT (Figure 17B).

The TRIM25 mutants demonstrate diverging RNA binding phenotypes. The 7KA mutant

not only has gained binding to SINV RNA relative to WT, but also to the Fluc negative control
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Figure 17. Association of ZAP and TRIM25 RNA binding mutants with SINV RNA.

(A-B) ZAP KO or (C) TRIM25 KO 293T cells were transfected with (A) ZAP zinc finger mutants, (B) ZAP CpG
RNA binding cavity mutants, or (C) TRIM25 mutants. ZAP or TRIM25 pulled down (IP) with Sindbis virus (SINV)
or firefly luciferase (Fluc) RNA and in whole cell lysate (WCL) were assayed by immunoblot (IB). Blots were
quantified with ImageJ. Data are representative of two independent experiments.

(Figure 17C). Consistent with previous findings, the ARBD mutation abolishes binding to SINV
RNA (Figure 17C). Together, our findings indicate that the different RNA binding residues of ZAP

and TRIM25 contribute in varying degrees to viral RNA binding,.

RNA binding mutations generally increase ZAP-TRIM25 association

Given that TRIM25 RNA binding has been purported to stimulate its interaction with ZAP
(Choudhury ez al, 2017), and that the ZAP ZnFs responsible for RNA binding are also thought to
mediate its interaction with TRIM25 (Gongalves-Carneiro ez al, 2021), we hypothesized that
abolishing ZAP RNA binding would negatively impact ZAP association with TRIM25, and vice versa.
We also aimed to capture any ZAP isoform-specific characteristics for association with TRIM25, given
previous reports that TRIM25 preferentially interacts with ZAPL (Li ez a/, 2017; Kmiec et al, 2021).
Therefore, we expected that ZAP RNA binding mutants would display decreased enrichment in the
presence of TRIM25 co-immunoprecipitation (co-IP) compared to ZAP WT. In concordance with
prior work and our observation of different RNA binding activities of the TRIM25 mutants (Figure

17C), we also expected that TRIM25 7KA and ARBD would behave differently.

To test this hypothesis, we transfected ZAP KO 293T cells with either FLAG-tagged ZAPS or
ZAPL RNA binding mutants and myc-tagged TRIM25 WT. Given that the ZAP ZnFs 2-4 display
approximately equal, near complete loss of RNA binding (Figure 17A), and that ZnFs 2 and 4 are

more important for mediating ZAP antiviral activity against alphaviruses and for CpG specificity (Bick
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et al, 2003; Meagher ez al, 2019; Luo et al, 2020), we proceeded with testing only ZnF mutants 2 and
4 in addition to the complete panel of CpG RNA binding cavity mutants. We then performed a myc
IP to enrich for TRIM25 and probed for the presence of associated ZAPS or ZAPL, quantifying
resultant ZAP pulldown with Image]. Surprisingly, we found that both ZnF mutants (C88R and
H191R) in both ZAPS and ZAPL display increased association with TRIM25 (Figure 18A-B). Of the
remaining RNA binding mutants, VYF, CY, and KY with near complete loss of RNA binding (Figure
17B) display similar to increased TRIM25 association for both ZAPS and ZAPL, though to a lesser
extent than the ZnF mutants (Figure 18A-B). Only HFR with relatively unaffected RNA binding
(Figure 17B) exhibits diminished interaction with TRIM25 as compared to ZAPS and ZAPL WT
(Figure 18A-B), while EKR which mostly retains or even gains binding to SINV RNA (Figure 17B)

binds to TRIM25 to a similar degree as compared to ZAP WT (Figure 18A-B).

To test the ability of TRIM25 RNA binding mutants to interact with ZAP, we transfected
TRIM25 KO 293T cells with myc-tagged TRIM25 RNA binding mutants and FLAG-tagged ZAPS
or ZAPL WT. When we transfected amounts that would yield similar levels of TRIM25 expression
(Figure 18C), we found that these levels are too low to visualize previously demonstrated interactions
between TRIM25 WT and ZAPS or ZAPL (data not shown). In our hands, the TRIM25 ARBD
mutant is markedly less stable than the other TRIM25 constructs. Therefore, we maximized the
transfected amounts of all TRIM25 forms to better visualize any differences in TRIM25 association
with ZAP, normalizing the TRIM25 co-IP to input lysates and quantifying with Image]. As expected,
we observed that TRIM25 7KA binds more robustly than TRIM25 WT to both ZAPS and ZAPL,

while the TRIM25 ARBD levels are likely too low to be detected in the ZAP co-IP (Figure 18C).
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Figure 18. Interaction of ZAP or TRIM25 RNA binding mutants with TRIM25 or ZAP WT.

(A-B) Western blot of ZAP KO 293T cells transfected with myc-tagged TRIM25 and (A) FLAG-tagged ZAPS
RNA binding mutants or (B) FLAG-tagged ZAPL RNA binding mutants. Different amounts of (A) ZAPS and (B)
ZAPL WT were transfected to match protein expression levels for each subset of ZnF mutants and CpG RNA
binding cavity mutants. Blots were quantified with ImageJ. Data are representative of two independent
experiments. (C) Western blot of TRIM25 KO 293T cells transfected with FLAG-tagged ZAPS or ZAPL and
myc-tagged TRIM25 RNA binding mutants; n.d. stands for not detectable by western blot. Blots were
quantified with ImageJ. Data are representative of two independent experiments.

Together, these data suggest that ZAP RNA binding may compete with ZAP-TRIM25
interaction likely because ZAP interacts with TRIM25 through its N-terminal ZnFs. Moreover, there
do not appear to be ZAP isoform-specific differences for the RNA binding mutants as a whole, with

trends of increased or decreased TRIM25 association holding true for each mutant in ZAPS and ZAPL.

RNA binding is required for both ZAP and TRIM?25 inhibition of SINV replication

Next, we asked how loss of RNA binding would affect the ability of ZAP and TRIM25 to
inhibit SINV replication. Given the centrality of RNA binding to ZAP antiviral activity and to
TRIM25 ligase activity, we hypothesized that mutations with near complete loss of RNA binding
would abolish antiviral activity completely, while mutations with moderate loss of RNA binding would
exhibit an intermediate phenotype. We transfected ZAP KO 293T cells with ZAP RNA binding
mutants and infected with the SINV luciferase reporter virus Toto1101/Luc. As expected, the mutant
EKR which retains its ability to bind SINV RNA as compared to ZAPS and ZAPL WT (Figure 17B)
also remains capable of inhibiting SINV replication (Figure 19A-B). Both ZAPS and ZAPL ZnF
mutants display reduced antiviral activity, and all other CpG RNA binding cavity mutants display
differing degrees of loss of antiviral activity (Figure 19A-B). We observed significant differences in
viral replication between ZnF mutants and WT for ZAPL (Figure 19B) but not for ZAPS (Figure

19A), likely due to ZAPL’s greater viral inhibition. In ZAPS, mutants CY and KY have the most
95



significant increase in viral replication compared to ZAPS WT (Figure 19A), while ZAPL HFR has

the most significant increase in viral replication compared to ZAPL WT (Figure 19B).

Meanwhile, we transfected TRIM25 KO 293T cells with TRIM25 RNA binding mutants to
assess their ability to inhibit SINV replication. TRIM25 7KA, which binds SINV RNA more robustly
than TRIM25 WT (Figure 17C) exhibits a similar degree of SINV inhibition (Figure 19C). On the
other hand, TRIM25 ARBD, which fails to bind SINV RNA at all, restores viral replication to
TRIM25 KO levels (Figure 19C). Finally, we asked whether the observed loss of antiviral activity for
any of the ZAP and TRIM25 RNA binding mutants tested was due to a decrease in protein expression.
To test this, we assayed protein expression both before and after SINV infection and found that with

the exception of the ZAPL ZnF mutants, protein expression for all ZAP and TRIM25 variants
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Figure 19. Inhibition of SINV replication by ZAP and TRIM25 RNA binding mutants.

(A-B) ZAP KO 293T cells or (C) TRIM25 KO 293T cells were transfected with (A) ZAPS RNA binding mutants,
(B) ZAPL RNA binding mutants, or (C) TRIM25 RNA binding mutants, infected with SINV Toto1101/Luc at an
MOI of 0.01 PFU/cell, and lysed 24 hours post infection (h.p.i.) for measurement of luciferase activity. Different
amounts of (A) ZAPS and (B) ZAPL WT were transfected to match protein expression levels for each subset of
ZnF mutants and CpG RNA binding cavity mutants. Data from triplicate wells are representative of two
independent experiments. Asterisks indicate statistically significant differences as compared to (A-B) ZAP WT
or (C) TRIM25 WT within each subset of RNA binding mutants (by one-way ANOVA and Dunnett’s multiple
comparisons test: *, p<0.05; **, p<0.01; *** p<0.001; **** p<0.0001). Unlabeled comparisons are not
significant.
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increases to varying degrees during infection (Supplemental Figure 3.2). Still, almost all of the ZAP
RNA binding mutants express more highly than ZAP-WT (Supplemental Figure 3.2A-B), supporting
our hypothesis that it is mutation of these RNA binding residues and not overall protein levels that

determines degree of antiviral activity. Together, these data point strongly to the primacy of RNA

binding in both ZAP and TRIM25 inhibition of SINV replication.

ZAP CpG-mediated RNA binding but not TRIM25 RNA binding is required for inhibition of
SINV translation

Following our characterization of ZAP and TRIM25 RNA binding mutants’ ability to inhibit
SINV replication, we asked whether this antiviral activity stems from a block in alphavirus translation,
given that ZAP blocks SINV translation and that TRIM25 is absolutely required for this inhibition
(Li et al, 2017). These prior studies readily measure SINV translation with a replication-deficient
temperature-sensitive luciferase reporter virus, Toto1101/Luc:ts6, such that any luciferase activity
would reflect translation of the incoming viral genome (Rice ez a/, 1987; Bick et al, 2003). Here, we
decided to omit the ZnF 4 mutant (H191R) due to its similarity in behavior to the ZnF 2 mutant
(C88R), and the CpG RNA binding mutant EKR due to its lack of antiviral activity (Figure 19A-B).
We transfected ZAP KO 293T cells with ZAPS or ZAPL ZnF 2 and CpG RNA binding cavity

mutants and infected with Toto1101/ Luc:ts6.

Here, we found that while transfection of mutants VYF and KY significantly restores SINV
translation in both ZAPS and ZAPL (Figure 20A-B), HFR only significantly restores SINV translation
in the context of ZAPL (Figure 20B), in line with its antiviral activity against SINV replication (Figure

19B). Given that the residue Y108 is mutated in both VYF and KY and has previously been implicated
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in determining ZAP CpG specificity (Meagher et a/, 2019), our data suggest that Y108 is very
important for ZAP inhibition of SINV translation. Moreover, given that HFR largely retains RNA
binding in both ZAPS and ZAPL (Figure 17B), these data suggest that mechanisms in addition to
RNA binding may modulate ZAP translation inhibition. No dramatic restoration of viral translation
is seen for the ZnF 2 mutant (C88R) in either isoform (Figure 20A-B), nor does any TRIM25 RNA
binding mutant impact TRIM25 inhibition of viral translation when transfected into TRIM25 KO
cells (Figure 20C), though the lack of effect could be attributed to low protein expression of TRIM25
ARBD. Interestingly, we observed that there appear to be two distinct translation phenotypes in the
presence of the TRIM25 ARBD mutant in two independent experiments, wherein half of the replicate

wells exhibit inhibited translation similar to TRIM25 WT and the other half have partially restored
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Figure 20. Inhibition of SINV translation by ZAP and TRIM25 RNA binding mutants.

(A-B) ZAP KO 293T cells or (C) TRIM25 KO 293T cells were transfected with (A) ZAPS RNA binding mutants,
(B) ZAPL RNA binding mutants, or (C) TRIM25 RNA binding mutants, infected with SINV Toto1101/Luc:ts6 at
an MOI of 1 PFU/cell, and lysed 6 h.p.i. for measurement of luciferase activity. Data from triplicate wells are
combined from two independent experiments. Asterisks indicate statistically significant differences as
compared to (A-B) ZAP WT, wherein different amounts of (A) ZAPS and (B) ZAPL WT were transfected to
match protein expression levels for each subset of ZnF mutants and CpG RNA binding cavity mutants, or (C)
TRIM25 WT within each subset of RNA binding mutants (by one-way ANOVA and Dunnett’s multiple
comparisons test: *, p<0.05; ***, p<0.001; *** p<0.0001). Unlabeled comparisons are not significant.
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SINV translation (Figure 20C).

We also asked here whether the observed loss of inhibition of viral translation for any of the
ZAP and TRIM25 RNA binding mutants tested was due to a decrease in protein expression. Similar
to the replication competent SINV Toto1101/Luc, infection with the replication-deficient SINV
Toto1101/Luc:ts6 generally results in higher expression of ZAP and TRIM25 variants (Supplemental
Figure 3.3), though the phenotype for a 6 hour infection is not as robust as a 24 hour infection.
Interestingly, we observed a mild decrease in expression for ZAPS CY, ZAPS VYF and ZAPL ZnF 2
mutant (C88R) (Supplemental Figure 3.3A-B). Still, most ZAP and TRIM25 RNA binding mutants
exhibit similar, if not slightly higher protein expression as compared to ZAP and TRIM25-WT.
Together, these data suggest that CpG recognition by ZAP is critical for its alphavirus translation

inhibition and this is independent of ZAP isoforms.

ZAP CpG-mediated RNA binding but not TRIM25 RNA binding is required for inhibition of
JEV translation, while ZAP ZnF mutations enbance JEV translation inhibition

Because we observed that specific residues involved in ZAP CpG recognition are more
important for SINV translation inhibition, rather than RNA binding in general, we next asked if this
trend holds true for ZAP translation inhibition of other viruses. JEV is another virus that is
translationally inhibited by ZAP (Chiu ez a/, 2018). To assess if ZAP and TRIM25 RNA binding plays
a similar role in blocking JEV translation as they do in blocking alphavirus translation, we assessed the
ability of our constructs to inhibit a replication-defective JEV replicon expressing Renilla luciferase
(Rluc) (Li ez al, 2016). Because ZAP can also mediate degradation of JEV RNA, we measured luciferase

activity 4 hours after transfecting the JEV replicon reporter to capture a time point that is early enough
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to see ZAP primarily functioning through translation inhibition, but also long enough to see
significant luciferase expression from the replicon. Previous work has shown that there is a minimal
decrease in JEV replicon RNA at this time (Chiu ez 4/, 2018). We attempted to co-transfect the JEV
replicon with Fluc RNA as a transfection control, but found that ZAPL also restricts Fluc expression

(Supplemental Figure 3.4), as previously demonstrated (Li ez a/, 2019).

We found that the ZAP and TRIM25 RNA binding mutants inhibit JEV translation to
varying degrees (Figure 21). Surprisingly, we observed that the ZAPS and ZAPL ZnF 4 mutants
(H191R) are significantly more inhibitory than their WT counterparts, while the ZAPL ZnF 2 mutant
(C88R) is more inhibitory than ZAPL WT (Figure 21A-B). Given that these mutants show increased
association with TRIM25 (Figure 18B), these data suggest a positive relationship between ZAP-
TRIM25 interaction and JEV translation inhibition. The ZAP CpG RNA binding cavity mutants
either show similar inhibition to ZAPS and ZAPL WT or, in the case of the ZAPS KY and ZAPL
HFR and KY mutants, decreased inhibition (Figure 21A-B). Taken together with the SINV
translation inhibition data, these data further point to the importance of the RNA binding cavities in

ZAP inhibition of viral translation, including CpG-specific binding by the residue Y108.

Upon assaying TRIM25 variants, we found that the TRIM25 ARBD mutant inhibits JEV
translation similarly to TRIM25 WT (Figure 21C), as we observed with SINV translation inhibition
(Figure 20C). Surprisingly, the TRIM25 7KA mutant loses its ability to inhibit JEV translation
(Figure 21C), in contrast to its ability to inhibit SINV translation similarly to TRIM25 WT (Figure

20C). Given the diverging phenotypes of the 7KA mutant, we were curious if the TRIM25 mutants
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show a different pattern of binding to SINV versus JEV replicon RNA that would explain the
differences in translation inhibition. We found that the TRIM25 7KA mutant binds JEV replicon
RNA to a greater degree than TRIM25 WT, while the TRIM25 ARBD mutant loses the ability to

bind JEV replicon RNA (Figure 21D). These findings recapitulate the TRIM25 SINV RNA binding
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Figure 21. Inhibition of Japanese encephalitis virus (JEV) translation by ZAP and TRIM25 RNA binding mutants.

(A-B) ZAP KO 293T cells or (C) TRIM25 KO 293T cells were transfected with (A) ZAPS RNA binding mutants,
(B) ZAPL RNA binding mutants, or (C) TRIM25 RNA binding mutants, transfected with a replication-defective
JEV replicon RNA reporter, and lysed 4 hours post-reporter transfection for measurement of luciferase activity.
Data from triplicate wells are representative of two independent experiments. Asterisks indicate statistically
significant differences as compared to (A-B) ZAP WT or (C) TRIM25 WT within each subset of RNA binding
mutants (by one-way ANOVA and Dunnett’s multiple comparisons test: *, p<0.05; **, p<0.01; ***, p<0.001;
*% p<0.0001). Unlabeled comparisons are not significant. (D) TRIM25 KO 293T cells were transfected with
TRIM25 mutants. TRIM25 pulled down with RNA and in WCL were assayed by western blot and quantified
with ImageJ. Data are representative of two independent experiments.
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phenotypes (Figure 17C), and suggest that RNA binding by TRIM25 is not an important determinant

for its ability to inhibit JEV translation.

ZAP SINV RNA binding negatively correlates with ZAP-TRIM25 interaction and positively
correlates with SINV replication inhibition, while ZAP-TRIM?25 interaction positively correlates
with JEV translation inhibition

Given our wide panel of ZAPS and ZAPL RNA binding mutants, we sought to look for
significant correlations between any pairs of ZAP phenotypes. To facilitate this, we quantified the
immunoblots for ZAP SINV RNA binding and ZAP-TRIM25 co-IPs and calculated fold inhibition
relative to empty plasmid transfection for the viral inhibition assays (Table 5). Using these values, we
calculated Pearson correlation coefficients and p-values for each pairwise phenotype comparison.
When analyzing our data for the ZnF 2 and 4 mutants and the complete panel of CpG RNA binding
cavity mutants (Figure 22A), we found a significant negative correlation (r = -0.63, p<0.01) between
ZAP SINV RNA binding and ZAP-TRIM?25 interaction (Figure 22B), lending further support to the
idea that ZAP RNA binding competes with its ability to associate with TRIM25. We also observed a
significant positive correlation (r = 0.78, p<0.001) between ZAP SINV RNA binding and SINV
replication inhibition (Figure 22C), but interestingly, no correlation between ZAP SINV RNA
binding and SINV translation inhibition (Table 5). This suggests that while general ZAP RNA
binding is important for its antiviral activity, it is not as critical for the specific step of translation
inhibition, although we did observe a significant positive correlation (r = 0.64, p<0.05) between SINV
replication inhibition and SINV translation inhibition (Figure 22D). Finally, we found a significant
positive correlation (r = 0.54, p<0.05) between ZAP-TRIM25 interaction and JEV translation

inhibition (Figure 22E), further suggesting that ZAP interaction with TRIM25 potentiates its ability
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Figure 22. Correlation analysis of ZAP RNA binding mutant phenotypes.

Pearson correlation coefficients (r) and p-values (p) were calculated using the SciPy package in Python and

plotted using the Matplotlib and Seaborn packages. (A) Pearson correlation coefficients are summarized in a

heat map. Boxed coefficients have statistically significant p-values (p<0.05). Pairwise correlations with
significant p-values from (A) are shown in (B-E).

Table 5. Quantified values for ZAP RNA binding mutant phenotypes.

Immunoblots for ZAP SINV RNA binding assays and ZAP-TRIM25 co-IPs were quantified in ImageJ, with
higher values indicating increased RNA or TRIM25 interaction. Fold inhibition values for viral inhibition assays
were calculated relative to empty plasmid transfection, with higher values indicating greater viral replication or

translation inhibition. N/A: SINV translation inhibition data on ZAP H191R and EKR mutants were not collected

for analysis. Data are combined from two independent experiments.

Isoform | Mutant :flldengNA %ARIPMZS f:ll::i\c,ation f:aljls‘lfation {faZslation
interaction | inhibition | inhibition | inhibition
ZAPS WT for ZnF mutants | 161.914 0.131 4.545 1.252 1.446
ZAPS C88R 9.083 0.450 1.395 1.295 1.676
ZAPS HI191R 15.452 1.052 1.951 N/A 2.184
ZAPS | WT for cavity mutants | 40.011 0.304 4.542 1.613 1.684
ZAPS V72A/Y108A/F144A 1.444 0.792 1.777 1.033 1.598
ZAPS H176A/Y184A/R189A | 20.797 0.205 1.706 1.305 1.381
ZAPS | C96A/Y98A 0.408 0.550 1.361 1.166 1.260
ZAPS K107A/Y108A 11.959 0.330 1.190 1.023 0.780
ZAPS E148A/K151A/R170A | 95.909 0.189 5.015 N/A 1.226
ZAPL | WT for ZnF mutants | 93.414 0.055 12.652 1.574 2.416
ZAPL C88R 0.034 1.126 2.756 1.253 5.191
ZAPL HI191R 0.761 0.899 3.043 N/A 9.046
ZAPL | WT for cavity mutants | 281.812 0.076 18.090 1.580 2.444
ZAPL V72A/Y108A/F144A 119.441 0.574 4.590 0.878 2.281
ZAPL H176A/F184A/R189A | 125.392 0.030 1.396 0.922 1.357
ZAPL CI96A/Y98A 68.060 0.329 4.774 1.257 3.551
ZAPL K107A/Y108A 93.185 0.086 3.071 0.969 1.138
ZAPL E148A/K151A/R170A | 188.614 0.196 8.828 N/A 2.165
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to inhibit JEV translation. Because we had a limited number of mutants for TRIM25, we were unable

to find significant correlations between any pair of TRIM25 phenotypes (data not shown).

DISCUSSION

While the RNA binding functions of ZAP and TRIM25 have been previously dissected, in
this study, we placed these functions in a wider context of viral translation inhibition. We found that
ZAP and TRIM25 RNA binding domains contribute in varying degrees to their ability to bind SINV
genomic RNA. We also observed that reduction of RNA binding by ZAP and TRIM25 generally
increases their ability to interact with each other while reducing both of their abilities to inhibit SINV
replication. When looking at viral translation inhibition more specifically, we found that the function
of the ZAP CpG RNA binding cavities is most important for SINV and JEV translation inhibition,
while general ZAP RNA binding and TRIM25 RNA binding is less critical. Some of our findings
diverge from those observed previously, demonstrating the importance of studying ZAP and TRIM25

functions in a more biologically relevant context with the presence of full-length viral RNA.

Our SINV genomic RNA binding assays mostly recapitulate the results of prior studies, which
investigated binding to synthetic viral RNA fragments or RNA constructs. Notably, we showed that
all four ZnFs are individually required for efficient ZAP binding to SINV RNA (Figure 17A), while
previously, only ZnF 2 has been demonstrated to be required for binding to SINV RNA fragments
(Guo et al, 2004; Wang ez al, 2010). Our findings also diverge from previous studies for the ZAP EKR
CpG binding cavity mutant, which has reduced binding to a 6-nt single-stranded RNA probe (Luo ez
al, 2020); we showed that the ZAPS and ZAPL EKR mutants bind SINV RNA to a greater degree

than their WT counterparts (Figure 17B). These contrasting findings may be a result of the different
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assays used in our studies and suggest that the function of the CpG-specific binding residues within
ZnF 3 varies based on its specific RNA target. We also found that impairing ZAP RNA binding results
in increased association with TRIM25 (Figure 18A-B and Figure 22B), consistent with previous
findings (Gongalves-Carneiro ez a/, 2021). Given that ZAP has also been shown to interact with
TRIM25 through its N-terminal ZnFs, we hypothesize that RNA binding may compete with ZAP-

TRIM25 interaction, though further experiments are required to test this hypothesis.

As expected, we found that the ZAP RNA binding mutants show deficiencies in their ability
to inhibit SINV viral replication and translation (Figures 19 and 20) recapitulating previous findings
on their inhibition of SINV viral production and luciferase expression from reporters containing ZAP-
sensitive fragments (Guo ez al, 2004; Chen ez al, 2012; Luo ez al, 2020). When looking at SINV
translation inhibition specifically, certain residues appear to be more critical for inhibition, particularly
the CpG RNA binding mutants with the mutation Y108A (Figure 20A-B). Taken with our finding
of a significant positive correlation between ZAP SINV RNA binding and SINV replication inhibition
(Figure 22B), but no correlation between SINV RNA binding and SINV translation inhibition (Table
5), our data suggest that general ZAP RNA binding is less important than binding by particular
residues for the specific step of translation inhibition. We observed a similar rescue of JEV translation
inhibition with certain CpG RNA binding cavity mutants (Figure 21A-B), pointing to the importance

of the ZAP CpG RNA binding cavity in facilitating translation inhibition of diverse viruses.

Deletion of all four ZnFs eliminates ZAP’s ability to restrict JEV (Chiu ez 2/, 2018), but our

data suggests that mutation of ZnF 2 (C88R) and 4 (H191R) individually increases antiviral activity
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(Figure 21A-B), potentially due to these mutants’ increased ability to interact with TRIM25 (Figure
18A-B). Consistent with this, we found a significant positive correlation between ZAP’s ability to
interact with TRIM25 and its inhibition of JEV translation (Figure 22E). We speculate that ZAP-
TRIM25 interaction might potentiate TRIM25 recruitment and ubiquitination of cellular substrates
important for mediating JEV translation inhibition and/or RNA degradation, since ZAP can also
mediate degradation of JEV RNA (Chiu ez 4/, 2018). One possible such substrate is KHNYN, which
functions in viral RNA degradation by ZAP and requires TRIM25 for its antiviral activity (Ficarelli ez

al, 2019). Additional studies are needed to evaluate these hypotheses.

By studying ZAP RNA binding mutations in both full-length ZAPS and ZAPL, we uncovered
isoform differences in their effects on viral inhibition. The HFR CpG RNA binding cavity mutant
shows an impaired ability to inhibit replication of SINV and translation of SINV and JEV in ZAPL,
but not in ZAPS (Figures 19-21). ZAPL contains a catalytically inactive C-terminal PARP-like domain
(Kerns ez al, 2008) and a prenylation motif within this domain that targets it to endosomal membranes
(Schwerk ez al, 2019; Kmiec ez al, 2021), which together may alter the ability of ZAPL to bind RNA,
interact with other cellular or viral proteins, and inhibit viral translation in different viral contexts.
Additional mutagenesis studies targeting the PARP-like domain are needed to tease out its role in
mediating RNA binding. Because we introduced our mutants into ZAP KO cells, further work is also
needed to address the possibility that the function of ZAP RNA binding mutants could be modulated
by interactions between ZAPS and ZAPL, as well as with the additional isoforms ZAPM and ZAPXL

(Li ez al, 2019).

107



For TRIM25, we found that the TRIM25 ARBD mutant has lost the ability to bind SINV
and JEV replicon RNA (Figures 17C and 21D). On the other hand, the TRIM25 7KA mutant shows
increased binding to SINV and JEV replicon RNA, as well as the Fluc control RNA that is not bound
by TRIM25 WT (Figures 17C and 21D). Previously, the TRIM25 7KA mutant was shown to be
deficient in binding to a short double-stranded RNA probe (Sanchez ez 2/, 2018). Similar to the ZAPS
EKR mutant, we speculate that our divergent findings on the TRIM25 7KA mutant may result from
differences in assays, and that the binding function of the 7K motif may depend on the specific RNA
target. In our hands, the TRIM25 ARBD mutant is less stable than the other TRIM25 constructs,
and so its expression is likely too low to be detected in the ZAP co-IP (Figure 18C). We did observe
that the TRIM25 7KA mutant shows a more robust interaction with ZAPS and ZAPL than TRIM25
WT (Figure 18C). Taken together with the increased binding of this mutant to SINV RNA, our
results suggest that RNA and ZAP binding are not inversely related for TRIM25, unlike for ZAP.
While the TRIM25 ARBD mutant has lost its ability to restrict SINV replication (Figure 19C), it is
still able to inhibit SINV translation similarly to TRIM25 WT despite some variability across replicates
(Figure 20C). We hypothesize that these divergent phenotypes for SINV replication and translation
result from variations in the TRIM25 ARBD mutant expression, rather than a defect in activity. While
the 7K motif has been shown to be required for TRIM25 inhibition of dengue virus (Sanchez ez 4/,
2018), which is not sensitive to ZAP inhibition (Chiu ez 4/, 2018), our observations suggest that it is
dispensable in the context of ZAP-mediated viral translation inhibition. In fact, given that the
TRIM25 7KA mutant loses the ability to inhibit JEV translation (Figure 21C) and binds JEV replicon

RNA more robustly than TRIM25 WT (Figure 21D), excess binding of TRIM25 to its target RNA
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may even impede viral translation inhibition in certain contexts. It is possible that an increased
presence of TRIM25 may hinder RNA or TRIM25 interactions with co-factors that function in JEV
translation inhibition, but not SINV translation inhibition; further work is required to test this
hypothesis. Taken together, our results indicate that while RNA binding is important for TRIM25’s

general ability to inhibit SINV replication, it is likely not required for translation inhibition specifically.

Overall, our findings suggest while ZAP RNA binding is required for its antiviral activity, its
ability to specifically recognize CpG dinucleotides in viral RNA is more critical in the process of viral
translation inhibition. Additionally, ZAP RNA binding and interaction with TRIM25 may represent
two distinct determinants for ZAP antiviral activity in varying viral contexts. Altogether, our study has
shed more light on the roles of viral RNA binding and co-factor dependency in the mechanism of
ZAP translation inhibition and raise interesting questions on the requirement of specific residues for

ZAP and TRIM25 RNA binding, protein-protein interaction, and antiviral activity.
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MATERIALS AND METHODS

Cell culture, viruses, and infections

Dr. Akinori Takaoka at Hokkaido University generously provided ZAP KO 293T cells (clone
89) and its parental 293T lines (Hayakawa ez a/, 2011). TRIM25 KO 293T cells were generated using
CRISPR-Cas9 as previously described (Li ez @/, 2017; unpublished data). Cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM; Thermo Fisher Scientific, Waltham, MA) with 10%

fetal bovine serum (FBS) added.

Infections with SINV expressing firefly luciferase (Toto1101/Luc) and temperature-sensitive
SINV (Toto1101/Luc:ts6) have been previously described (Rice ez a/, 1987; Bick et al, 2003). Each
independent experiment included triplicate wells of biological replicates per condition.BHK-21 cells

were used to generate viral stocks and titers for multiplicity of infection calculations (Bick ez a/, 2003).

Plasmids and transfections

The replication-defective JEV replicon plasmid was generously provided by Dr. Bo Zhang at
the Wuhan Institute of Virology (Li ez 4/, 2016). The plasmid pcDNA3.1-3XFLAG was kindly gifted
to us by Dr. Oliver Fregoso at UCLA. To generate pcDNA3.1-myc, a myc tag was swapped in for the
3XFLAG tag using BamHI and Hindlll restriction sites. ZAPS and ZAPL were cloned into
pcDNA3.1-3XFLAG from pTRIP-TagRFP-hZAPS and pTRIP-TagRFP-hZAPL, respectively, using
Notl and Xbal restriction sites (Li ez a/, 2017). Dr. Jae U. Jung at the University of Southern California
generously provided full-length TRIM25 (Gack ez al, 2007). TRIM25 was cloned into both
pcDNA3.1-3XFLAG and pcDNA3.1-myc using Xhol and Xbal restriction sites. All ZAP and

TRIM25 constructs are myc- or 3XFLAG-tagged on the N-terminal end.
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Point mutations in ZAPS and ZAPL were generated using the Q5 Site-Directed Mutagenesis
Kit (New England Biolabs, Ipswich, MA) and all plasmids were verified by sequencing (Genewiz,
South Plainfield, NJ). Primers for mutations were synthesized by Integrated DNA Technologies (IDT;
Coralville, IA; Supplementary Table 3.1). The TRIM25 ARBD mutant (Choudhury ez 4/, 2017) was
generated by overlapping PCR (Supplementary Table 3.1). The TRIM25 7KA mutant was generated
by ordering a gBlocks Gene Fragment from IDT with all lysines in 35 KKVSKEEKKSKK39, mutated
to alanines (Sanchez ez 4/, 2018), and utilizing innate restriction sites in TRIM25, BsrGI and BamHI
(underlined), to replace WT sequence in TRIM25. The 7KA mutated sequence is bolded and
underlined in the below gene block, and nonessential nucleotides on the 5’ and 3’ ends are written in

lowercase.

5 -gttt ITGTACAGTCAGATCAACGGGGCGTCGAGAGCACTGGATGATGTGAGAAACAGG
CAGCAGGATGTGCGGATGACTGCAAACAGAAAGGTGGAGCAGCTACAACAAGAATAC
ACGGAAATGAAGGCTCTCTTGGACGCCTCAGAGACCACCTCGACAAGGAAGATAAAG
GAAGAGGAGAAGAGGGTCAACAGCAAGTTTGACACCATTTATCAGATTCTCCTCAAG
AAGAAGAGTGAGATCCAGACCTTGAAGGAGGAGATTGAACAGAGCCTGACCAAGAGG
GATGAGTTCGAGTTTCTGGAGAAAGCATCAAAACTGCGAGGAATCTCAACAAAGCCA
GTCTACATCCCCGAGGTGGAACTGAACCACAAGCTGATAAAAGGCATCCACCAGAGC
ACCATAGACCTCAAAAACGAGCTGAAGCAGTGCATCGGGCGGCTCCAGGAGCCCACC
CCCAGTTCAGGTGACCCTGGAGAGCATGACCCAGCGTCCACACACAAATCCACACGC
CCTGTGGCAGCAGTCTCCGCAGAGGAAGCAGCATCCGCAGCACCT CCCCCTGTC CCC
TGCCTTACCCAGCAAGCTTCCCACGTTTGGAGCCCCGGAACAGTTAGTGGATTTAAA
ACAAGCTGGCTTGGAGGCTGCAGCCAAAGCCACCAGCTCACATCCGAACTCAACATC
TCTCAAGGCCAAGGTGCTGGAGACCTTCCTGGCCAAGTCCAGACCTGAGCTCCTGG
AGTATTACATTAAAGTCATCCTGGACTACAACACCGCCCACAACAAAGTGGCTCTGTC
AGAGTGCTATACAGTAGCTTCTGTGGCTGAGATGCCTCAGAACTACCGGCCGCATC
CCCAGAGGTTCACATACTGCTCTCAGGTGCTGGGCCTGCACTGCTACAAGAAGGGG
ATCCgttt(3”)

X-tremeGENE9 DNA Transfection Reagent (Roche Life Science, Basel, Switzerland) was

used to transfect cells at a ratio of 3 pL to 1 pg DNA according to the manufacturer’s instructions. To
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keep the total plasmid amount in co-transfections constant, empty vectors pcDNA3.1-myc or

3XFLAG were transfected as necessary (6 well plate, 2 pg total input; 24 well plate, 250 ng total input).

In vitro transcription

SINV DNA templates for transcription were generated by Xho! linearization of pToto1101
(Rice ez al, 1987). SINV RNA was transcribed #7 vitro by Sp6 RNA polymerase (New England Biolabs)
in the presence of the cap analog [m7G(5")ppp(5’)G] (New England Biolabs). Fluc DNA templates
for transcription were amplified from the pGL3-Control plasmid (Promega, Madison, W1). Fluce RNA
was transcribed iz vitro using the mMESSAGE mMACHINE T7 Transcription Kit (Invitrogen,
Waltham, MA). Biotin-labeled RNAs were generated by adding 10mM biotin-16-UTP (Roche Life
Science) to in vitro transcription reactions. JEV replicon DNA templates for transcription were
generated by Xhol linearization and transcribed iz vitro using the mMESSAGE mMACHINE T7
Transcription Kit (Invitrogen). Transcribed RNAs were purified using the Quick-RNA Miniprep Kit
(Zymo Research, Irvine, CA) and biotinylation was confirmed by streptavidin dot blot (Chan ez 4/,

2020).

In vitro RNA pull-down assay

0.4 pmol of biotin-labeled SINV or Fluc RNA probes were heated for 2 min at 90°C, chilled
on ice for 2 min, and incubated with 50 pL 2x RNA structure buffer for 30 min at room temperature
to ensure proper secondary RNA structure formation, as previously described (Bai ez a/, 2016). In vitro
RNA pull-down was then performed as previously described (Chiu ez a/, 2018). In brief, RNA probes
were incubated with 100 pg of lysates from ZAP or TRIM25 KO 293T cells transfected with ZAP or

TRIM25 constructs for 48 hours. Cell extracts were lysed by CHAPS lysis buffer (10 mM Tris-HCI
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[pH 7.4], 1 mM MgCl,, 1 mM EGTA, 0.5% CHAPS, 10% glycerol, and 5 mM 2-mercaptoethanol)
with complete protease inhibitor cocktail (Roche Life Science) and incubated with RNA probes in a
final volume of 100 pL. RNA binding buffer supplemented with 1 unit/uL RNAseOUT (Thermo
Fisher Scientific), 1 pg/pL heparin (Sigma-Aldrich, St. Louis, MO), and 100 ng/pL yeast tRNA
(Thermo Fisher Scientific) for 30 min at 30°C. Lysate-RNA mixtures were then incubated with 300
pL of Dynabeads M-280 Streptavidin (Invitrogen) for 30 min at room temperature on a shaker.
Protein-RNA complexes were washed three times by RNA binding buffer, and proteins were eluted
by incubation with 30 pL of 4x Laemmli Sample Buffer (Bio-Rad, Hercules, CA) for 5 min at 95°C.
The proteins were further analyzed by immunoblot and quantified by Image] as previously described
(Davarinejad, 2015). Briefly, to calculate the quantity of ZAP or TRIM25 bound to RNA relative to
input ZAP or TRIM25 protein, the net value of the FLAG (ZAP or TRIM25) band in the whole cell
lysate was divided by the net value of the B-actin loading control band in the whole cell lysate, giving
a normalized input value. The net value of the FLAG band in the RNA IP band was then divided by

the normalized input value.

Immunoblot analysis

Proteins were resolved through SDS-PAGE using NuPAGE MOPS SDS running buffer
(Thermo Fisher Scientific) and 4-15% precast Mini-PROTEAN TGX Gels (Bio-Rad) before
transferring to a PVDF membrane (Bio-Rad). Immunodetection was achieved with 1:2,500 anti-myc
(Cell Signaling Technology, Danvers, MA), 1:20,000 anti-FLAG (Sigma-Aldrich), and 1:20,000 anti-
actin-HRP (Sigma-Aldrich). Primary antibodies were detected with 1:20,000 goat anti-mouse HRP

(Jackson ImmunoResearch, West Grove, PA) or 1:20,000 goat anti-rabbit HRP (Thermo Fisher
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Scientific). Proteins were visualized on a ChemiDoc (Bio-Rad) using ProSignal Pico ECL Reagent
(Genesee Scientific, San Diego, CA). Image] was used to quantify western blots as previously described
(Davarinejad, 2015). Briefly, protein band intensities for each blot were measured by taking the net
grey mean value of each band. The net grey mean value is defined as the inverted pixel density (255 —
grey mean value) of a band with the inverted pixel density of the background (defined as an equivalent

area of the blot above or below the band) subtracted.

Co-immunoprecipitation assay

To assess ZAP or TRIM25 co-immunoprecipitation (co-IP) with RNA binding mutants of
TRIM25 or ZAP, respectively, cells were transfected in 6-well plates, collected, and then lysed by
rotating in FLAG IP buffer (100 mM Tris-HCl 8.0, 150 mM NaCl, 5 mM EDTA, 1 mM DTT, 5%
glycerol, 0.1% NP-40) supplemented with a complete protease inhibitor cocktail (Roche Life Science)
at 4°C for 30 min, before spinning down at 14,000 rpm at 4°C for 15 min. To equilibrate beads prior
to use, anti-FLAG beads (EZview™ Red ANTI-FLAG M2 Affinity Gel, Sigma-Aldrich) or anti-myc
beads (EZview™ Red Anti-c-Myc Affinity Gel, Sigma-Aldrich) were washed 3 times in FLAG IP buffer.
Three hundred pL of whole cell lysate (WCL) were incubated with 30 pL of anti-FLAG or -myc beads
rotating at 4°C for 45 minutes. FLAG IP buffer was used to wash immunoprecipitates 3 times before
eluting bound proteins with SDS loading buffer, and boiling for 5 minutes for immunoblot analysis.
Western blot Image] analysis was performed as previously described (Davarinejad, 2015). Briefly, to
calculate the relative quantity of ZAP RNA binding mutants in the myc (TRIM25) co-IP, the net
value of the FLAG (ZAP) IP band, defined as the net grey mean value of ZAP alone subtracted from

each mutant band, was divided by the net value of the myc IP for each mutant. To calculate the relative
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quantity of TRIM25 RNA binding mutants in the FLAG (ZAP) co-IP, the net value of the myc
(TRIM25) IP band, defined as the net grey mean value of TRIM25 alone subtracted from each mutant
band, was divided by the net value of the FLAG IP for each mutant. To account for the different

expression levels of TRIM25 mutants, the myc IP band was first divided by the net grey mean value

of the myc WCL band for each mutant, normalized to the value of the band for TRIM25 alone.

JEV replicon reporter assay

Following transfection of ZAP or TRIM25 constructs into ZAP or TRIM25 KO 293T for 48
hours, JEV replicon RNA was transfected by 7ransIT-mRNA Transfection Kit (Mirus Bio, Madison,
W1I). Cells were lysed 4 hours post-transfection of replicon RNA and luciferase activity was measured
by Dual-Luciferase Reporter Assay (Promega). Each independent experiment included triplicate wells

of biological replicates per condition.

Statistical analysis

Statistical analyses in Figures 19-21 were performed on biological replicates from triplicate
wells using GraphPad Prism. Statistical analyses in Figure 22 were performed using the SciPy package
in Python and visualized using the Matplotlib and Seaborn packages (Hunter, 2007; Virtanen ez 4/,

2020; Waskom, 2021).

115



SUPPLEMENTARY MATERIAL

A v o % % B x ¢ & %
E 8 & 2 2 E 8 8 £ 2
=S T O O T S T O O T
100 =
7 o] W 1B: FLAG (ZAPS) 100 =™ —

48 -I—- — w— w— we| |B: -actin

ZAPS (ng): | 300 | 750 | 700 | 500 | 1k ZAPL (ng): | 300 | 400 | 1k | 400 | 900

C L uow

= 2 55

S by W B FLAG (ZAPS)

EKR

100 =
75=

484— ——— —— -| IB: B-actin

ZAPS (ng): | 600 | 700 | 500 | 1k | 500 | 600

D ® o

WT VYF T O KY
100 N s e o e B o e bt B | 1B FLAG (zAPL)

48— — - — S’ o o b 88| (B B-actin

EKR

ZAPL (ng): 100 | 250 | 500 | 100 | 250 | 500 | 1K | 1K | 100 | 250 | 500 | 500

E

ARBD

c &

75 ™ e IB: myc (TRIM25)

48 'E IB: B-actin

TRIM25 (ng): 50 5 1k

Supplemental Figure 3.1. Expression of ZAP and TRIM25 mutants.

(A-E) Final transfected DNA amounts for each mutant written below, where 1k = 1 ug of DNA. (A) Western blot
of ZAPS zinc finger (ZnF) mutants. (B) Western blot of ZAPL ZnF mutants. (C) Western blot of ZAPS CpG RNA
binding cavity mutants. (D) Western blot of ZAPL CpG RNA binding cavity mutants. Yellow highlighted cells
indicate the selected amount to transfect for subsequent experiments. (E) Western blot of TRIM25 RNA binding

mutants.
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Supplemental Figure 3.2. Effect of SINV infection on ZAP and TRIM25 protein expression.

(A-B) ZAP KO 293T cells or (C) TRIM25 KO 293T cells were transfected with (A) ZAPS RNA binding mutants,
(B) ZAPL RNA binding mutants, or (C) TRIM25 RNA binding mutants. Lysates were harvested at 0 and 24 h.p.i.
with SINV Toto1101/Luc infection at an MOI of 0.01 PFU/cell. Data from triplicate wells are representative of
two independent experiments
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Supplemental Figure 3.3. Effect of replication-deficient SINV infection on ZAP and TRIM25 protein expression.

(A-B) ZAP KO 293T cells or (C) TRIM25 KO 293T cells were transfected with (A) ZAPS RNA binding mutants,
(B) ZAPL RNA binding mutants, or (C) TRIM25 RNA binding mutants. Lysates were harvested at 0 and 6 h.p.i.
with SINV Toto1101/Luc:ts6 infection at an MOI of 1 PFU/cell. Data from triplicate wells are representative of
two independent experiments.
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Supplemental Figure 3.4. Sensitivity of the firefly luciferase control RNA to ZAP.

(A-B) ZAP KO 293T cells or (C) TRIM25 KO 293T cells were transfected with (A) ZAPS RNA binding mutants,
(B) ZAPL RNA binding mutants, or (C) TRIM25 RNA binding mutants, transfected with firefly luciferase (Fluc)
RNA, and lysed 4 hours post-RNA transfection for measurement of luciferase activity. Data from triplicate wells
are representative of two independent experiments. Asterisks indicate statistically significant differences as
compared to (A-B) ZAP WT or (C) TRIM25 WT within each subset of RNA binding mutants (by one-way ANOVA

and Dunnett’s multiple comparisons test: *, p<0.05; **, p<0.01; ***, p<0.001). Unlabeled comparisons are not
significant.
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Supplementary Table 3.1. Primers used to generate ZAP and TRIM25 RNA binding mutants.

Additional features pertinent to primer design, such as additional mutations, are noted as necessary.
Nonessential sequences written in lowercase.

RNA
. . s Forward (F)
binding | Mutation | Sequence (5-3’) Included features
/Reverse (R)
mutant
GAGACCCTGCGATAACCTGAAGCTCTGCAAA |
ZAP- Ha6K CTCAACTTGC
ZnF1l GCAAGTTGAGTTTGCAGAGCTTCAGGTTATC |
GCAGGGTCTC
GCGATAACCTGCATCTCCGCAAACTCAACTT |
ZAP- c88R GCTG
ZnF2 CAGCAAGTTGAGTTTGCGGAGATGCAGGTTA |
TCGC
7AP- ACCAGCAGCCACCGCGTTCAAGACTCCAC F
70F3 C168R
GTGGAGTCTTGAACGCGGTGGCTGCTGGT R
ZAP- CTGCCTCCGGTCCCGTAACCTGATGGACA F
ZnF4 HI91R TGTCCATCAGGTTACGGGACCGGAGGCAG R
) TTGCGACGGCAGGCCCGGGCTCTAG F
VIeA CTAGAGCCCGGGCCTGCCGTCGCAA R
GTCCGAGCGGAATTTATGCAAAGCTTCTCAT |
V108A GAGGTTCTCTCAG
ZAP-VYE CTGAGAGAACCTCATGAGAAGCTTTGCATAA |
ATTCCGCTCGGAC
CCTCCTCCAAAGTGATGCTTTTATGCCCGAG |
ATATGC
F144A
GCATATCTCGGGCATAAAAGCAGGATCACTT |
TGGAGGAGG
H176A CATCTGTGACGCCTTCACCCGAGG F
TGGAGTCTTGAACACGGT R
ACCCGAGGGAACTGTCGTGCTCCCAACTGC |
84A cre
7AP-HER Fl GAGGCAGTTGGGAGCACGACAGTTCCCTCG |
GGT
CCATCAGGTTATGGGACGCGAGGCAGTTGG |
R189A CAMMAC
GTTTTCCCAACTGCCTCGCGTCCCATAACCT |
GATGG
o6 GCTGGGCCGGGCCAACTATTCGC F
A AAGTTGAGTTTGCAGAGATGC R
ZAP-CY CCGGGCCAACGCATCGCAGTCCG F Includes CI6A
YO98A mutation
CCCAGCAAGTTGAGTTTG R
GAATTTATGCGCATATTCTCATGAGGTTCTCT |
ZAP-KY | K107A CAG
CGCTCGGACTGCGAATAG R
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TTTATGCGCAGCCTCTCATGAGGTTCTCTCAG

Includes K107A

Y108A AAGAG mutation
TTCCGCTCGGACTGCGAA R
E148A TTTATGCCCGCGATATGCAAAAG F
AAAAGGATCACTTTGGAG R
Includes E148A
2AP-EKR | K151A CGCGATATGCGCAAGTTATAAGG F mutation
GGCATAAAAAAAGGATCAC R
R170A ACCGTGTTCAGCACTCCACATCTG F
GGCTGCTGGTTACAAATC R
gttt CTCGAGGTATCGATATGGCAGAGCTGTGC Includes Xhol and
cce F Clal sites (italicized);
TRIM25 aa Deletion upstream
1-469 sequence
TTTGTTGTGGGCGGTGTTGTAGTC R (underlined, nt 1384-
1407)
TRIM25A Includes TRIM25
RBD sequence upstream
CAACACCGCCCACAACAAAAAGGGGATCCA (underlined, nt 1384-
TRIM25aa | CTACTGGGA F 1407) and
464-469, downstream of the
509-630 deletion (bolded, nt
1525-1544)
Includes Xbal and
gttt 7CTAGAGCGGCCGCCTA R

Notl sites (italicized)
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Chapter 4

A novel class of positive Gaussian curvature-inducing peptides remodels

membranes and inhibits alphavirus replication
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BACKGROUND

Over the past two decades, the global community has faced multiple significant outbreaks of
emerging and re-emerging viruses that cause severe disease. Emerging novel viruses pose an enormous
threat to global public health due their unpredictable pathogenicity and transmissibility in
combination with our lack of natural immunity. Though modern technology and medical advances
have afforded us reduced morbidity and mortality from infectious diseases, at the same time, increasing
globalization, urbanization, and climate change create opportune conditions for viral pathogen
emergence and spread (Baker er 4/, 2022). The COVID-19 pandemic has not only shown us the

painful reality of this threat but also underscored the vital need for greater preparedness against future

outbreaks.

Vaccines and antiviral agents are the most effective countermeasures to prevent and treat viral
disease. However, the majority of these currently target a specific virus or virus family, and thus, are
insufficient for responding to the increasing number of emerging and re-emerging viruses. Given the
inherent unpredictable identity and nature of a new pathogen and the time required to develop a
vaccine, there is a pressing need for broad-spectrum prophylactic and therapeutic antivirals that can
offer prompt control of outbreaks. Notably, the vast majority of viruses that are responsible for recent
outbreaks and/or emerging infectious diseases are enveloped viruses (NIAID Emerging Infectious
Diseases/Pathogens). Enveloped viruses, which are characterized by an outer lipid membrane, enter
cells via fusion of viral and host-cell membranes (Harrison, 2008), and at the final stage of their

replication cycle, progeny virions exit the cell by budding and release via membrane fission (Welsch ez

al, 2007; Rossman and Lamb, 2013).
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Enveloped viruses employ three different classes of viral fusion proteins (Rey and Lok, 2018).
Much attention has already been given to developing inhibitors against Class I fusion proteins, which
are utilized by influenzavirus, human immunodeficiency virus (HIV)-1, and coronaviruses (Diizgiines
et al, 2021; Wang and Wang, 2022). Class II viral fusion proteins are utilized by the arthropod-
transmitted alphaviruses and flavivurses, which include several important human pathogenic viruses,
such as chikungunya virus, dengue virus, and Zika virus (Rey and Lok, 2018). These viruses possess
increasing pandemic potential, owing to climate change-induced enlarging distribution of their
mosquito vectors (Kraemer ez a/, 2019; Messina ez al, 2019). The primary strategy in developing broad-
spectrum antivirals is to target common conserved viral features and pathways. With this in mind,
antivirals that interfere with the membrane fusion and fission processes of the viral life cycle have the

potential to be broadly active against enveloped viruses.

Membrane fusion and fission are two opposing membrane-remodeling processes that proceed
through analogous deformational steps in opposite order; both form a common hourglass-shaped
intermediate structure referred to as the “fusion pore” or “fission neck” that connects two aqueous
compartments (Chernomordik and Kozlov, 2003; Kozlov ez 4/, 2010). Membrane restructuring and
conformational changes that underlie biological membrane remodeling events involve the induction
and stabilization of membrane curvature (McMahon and Gallop, 2005; Zimmerberg and Kozlov,
2006; Lipowsky, 2022). Membrane bending and shape are commonly described in terms of curvature.
To briefly review, the local shape at a given point on a surface is characterized by its two principal
curvatures, ¢; and ¢z, which are the maximum and minimum normal curvatures and are orthogonal to

one another. Curvature is by definition ¢ = 1/7, the reciprocal of the radius, 7, of the circle that best
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fits the curve at the point. Furthermore, curvature can be positive or negative. By convention, a
membrane monolayer that bends to form a convex hydrophilic surface has positive curvature, while a
monolayer that bends in the opposite direction to form a concave hydrophilic surface has negative

curvature (Figure 23).

Gaussian curvature, K = ¢1c3, is the product of the principal curvatures and commonly used to
describe the shape of surfaces. For a flat surface, both principal curvatures are zero, and so K = 0. For
a dome-shaped surface, both principal curvatures are positive, which results in K> 0 (Figure 23A). A
saddle-shaped surface, which is convex in one direction and concave in the other, has principal
curvatures that are opposite in sign, thus resulting in K < 0 (Figure 23B). More specifically, saddle-
shaped negative Gaussian curvature (NGC) is the distinct type of membrane curvature that is
topologically required to produce the deformations involved in membrane-remodeling processes,
including fusion and fission intermediates, transmembrane (TM) pores, blebs, tubules, and
invaginations (Siegel, 2008; Schmidt ez a/, 2011; Frolov ez a/, 2015; Chabanon and Rangamani, 2018).
Notably, a TM pore is most often described as a torus-shaped channel that is formed when the
normally planar and separate inner and outer monolayers bend and merge to create a single, highly
curved continuous surface (Brogden, 2005) (Figure 23B). In contrast, the formation of membrane
fusion and fission intermediates requires NGC of a lipid bilayer, which is distinct from the monolayer

NGC of TM pores (Figure 23B).
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Figure 23. Schematic of positive and negative Gaussian curvatures.

(A) Positive Gaussian curvature (PGC) generates dome-shaped surfaces present in spherule formation.
(B) Both negative Gaussian curvature (NGC) and PGC are necessary to generate saddle-shaped curves, which
appear during formation of transmembrane (TM) and fusion pores. While TM pores employ a membrane
monolayer, fusion pores utilize a membrane bilayer to achieve the same effect. Red arrows, PGC; blue arrows,
NGC.

A diverse range of proteins and peptides have been shown to induce or promote membrane
curvature, including NGC and positive Gaussian curvature (PGC). For example, the generation of
NGC by pore-forming antimicrobial peptides (Keller ez a/, 1996; Prenner ez al, 1997; Hickel ez al,
2008; Schmidt ez a/, 2011), cell-penetrating peptides (Schmidt ez 2/, 2010; Mishra ez a/, 2011), and
fusion and fission machinery proteins (Schmidt ez a/, 2013; Yao et al, 2015; Lee et al, 2017; Thorsen
et al, 2021) is well-recognized. Accumulating evidence suggests the induction or stabilization of PGC
by apolipoprotein A-I (apoA-I) (Forte ez al, 1971; Jonas ez al, 1990; Lee et al, 2021; Melchior ez al,

2021) and the endophilin N-BAR domain (Gallop ez 2/, 20006).
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While all of these curvature-inducing proteins and peptides bind to lipid membranes, the two
groups generate contrasting membrane curvatures due to differences in their amino acid compositions
and physicochemical properties, such as hydrophobicity and net charge. Interestingly, recent work has
demonstrated that PGC antagonizes NGC. An apoA-I mimetic peptide was shown to induce PGC
and to suppress NGC generated by histone H4, thereby preventing lytic TM pore formation and

mitigating tissue damage and uncontrolled inflammation (Lee ez a/, 2021).

Because the capacity of a protein or peptide to induce membrane curvature relates to its
physicochemical characteristics and non-specific membrane interactions, the ability to induce PGC to
interfere with NGC generation is not expected to be unique to apoA-I and its mimetics. For this
reason, we propose that PGC can be applied as a general mechanism to inhibit membrane-remodeling
events that require NGC. We hypothesize that is it is possible to design PGC-inducing peptides that
suppress bilayer NGC to inhibit membrane fusion and fission, thereby impairing the replication cycle
of enveloped viruses. We speculate that peptides that optimally turn off bilayer NGC and those that
turn off monolayer NGC (e.g. TM pores) are related but not necessarily the same. In this work, we
use a combination of machine learning, iz vitro cell studies, synchrotron small-angle X-ray scattering
(SAXS), and molecular dynamics (MD) simulations to show that a class of peptides induces PGC and
displays robust antiviral activity against enveloped viruses. We employ the alphavirus genus of
enveloped RNA viruses as our model system due to its representation of this increasingly important
class of arthropod-borne human pathogens and its suite of molecular tools. Here, we report on the
antiviral activities of a novel class of peptides against the prototypical alphavirus, Sindbis virus (SINV),

and three additional species.
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RESULTS
Design of PGC-generating peptides

Based on properties observed in proteins and peptides known to induce membrane curvature,
we designed a class of 13 “AP” peptides (19-21 residues in length) with the objective of generating
PGC to suppress bilayer NGC (Table 6). We previously established that an apoA-I mimetic peptide
is capable of generating PGC (Lee et a/, 2021). For this reason, we used a machine learning classifier
to examine how the physicochemical properties of our peptide designs compare with subsequences of
apolipoproteins and TM proteins. The classifier assigned each AP sequence with a numerical o score
based on its similarity to apolipoprotein sequences with respect to their characteristics, not sequence
homology (data not shown). From these o scores, we learned that the AP sequences are more similar

to apolipoprotein sequences than to TM protein sequences.

Table 6. Properties of positive Gaussian curvature (PGC)-inducing peptides utilized in this study.

Charge and hydrophobicity scores are provided. The machine-learning ¢ score > 0 and P(+1) value > 0.5
signify that the peptide is predicted to induce PGC.

Name Sequence Charge | Hydrophobicity | o score P(+1)
AP1 GDAVREWFEKAWQRVREFF -0.2 0.33 0.8132 0.9862
AP2 FFERVRQWAKEFWERVADG -0.2 0.33 0.8046 0.9855
AP3 GDAVREVIEKAVQRVREIV -0.2 0.188 0.5027 0.9191
AP4 GDAVKEWFEKAWQKVKEFF -0.2 0.337 0.8210 0.9868
AP5 GERAKEWVEAFWEKAREYF -1.2 0.222 0.5647 0.9426
APG6 GERVKEFFEAFFEKAREYW -1.2 0.278 0.7189 0.9762
AP7 GEKAKEWVQAFWQKAKEYF 0.8 0.271 0.6304 0.9604
AP8 GEKVKEFFQAFFQKAKEYW 0.8 0.327 0.7088 0.9747
AP9 GDAVKEWFEKAWQKVKEFL -0.2 0.332 0.6992 0.9733
AP10 | GEQLKQKFQEFWDKLKEWY -0.2 0.285 1.1749 1.0000
AP11 GEKLKQKAQEFFDAVKEWF -0.2 0.226 0.9936 0.9952
AP12 | GKEKAEEFFQALKEWFDKFKN | -0.2 0.234 0.8148 0.9864
AP13 | GEQFKQAFQEWWDKLKEKY -0.2 0.208 1.0073 0.9956
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APs inhibit SINV replication

We examined the peptides for inhibitory activity against alphavirus replication in HEK293T
cells using a SINV luciferase reporter virus (Toto1101/Luc) in which the expression of luciferase
correlates with viral replication (Bick ez 4/, 2003). A dose response analysis of the peptides that
displayed effective inhibition of SINV replication was performed to calculate the half maximal effective

concentration (EC50), which is the concentration required to achieve 50% inhibition (Figure 24).

However, EC50 values could not be determined for peptides AP3, AP5, AP6, AP12, and AP13
because no significant inhibition was observed at concentrations up to 125 pM (Supplemental Figure
4.1). For the remaining APs, we observed EC50 values ranging from the very potent AP4 at 0.98 pM
(Figure 24C; 95% CI, 0.47-1.84) to the less inhibitory AP10 with an EC50 of 26.23 pM (Figure
24G; 95% CI, 22.47-30.52). AP1, 8, and 9 also strongly inhibit SINV replication with EC50s of
3.59, 5.86, and 5.90 puM, respectively (Figure 24A, E-F), while AP2 and 7 exhibit a more moderate
phenotype with EC50s of 9.07 and 10.48 pM, respectively (Figure 24B, D). We also measured
cytotoxicity of each peptide concentration using an MTT proliferation assay. Here, we found that
most of the APs were minimally cytotoxic with <20% cytotoxicity across the concentration range
tested (Figure 24A-C, G-H), with the exception being AP7, 8, and 9, which can cause up to 50%

cytotoxicity at higher concentrations (Figure 24D-F).
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Figure 24. SINV replication is variably inhibited by APs.

HEK293T cells were infected by Toto1101/Luc for at a multiplicity of infection (MOI) of 0.01 plague forming
units (PFU)/cell in the presence of varying concentrations of (A) AP1, (B) AP2, (C) AP4, (D) AP7, (E) APS, (F)
AP9, (G) AP10, or (H) AP11. Lysates were harvested at 24 hours post infection (h.p.i.) and measured for
luciferase activity. Cytotoxicity at 24 hours for varying peptide concentrations was measured using a MTT
proliferation assay. The [Agonist] vs. normalized response — Variable slope equation on GraphPad Prism was
used to calculate EC50 and a nonlinear fitted curve (black line). Data are combined from independent
experiments as indicated in each panel.

APs reduce production of infectious SINV virions

Next, we examined the impact of the two peptides with the greatest SINV replication
inhibition, AP1 and AP4, on the production of infectious SINV virions. We infected 293T cells with
wild-type SINV (Toto1101 strain) in the presence of 25 pM AP1 or AP4, after which we replaced
with fresh media without AP1 or AP4 added. After 24 hours of infection, we harvested the supernatant
and titered SINV on BHK-21 cells. Treatments of 25 uM of either AP1 and AP4 reduced viral titers
by about 1-log, with AP1 displaying marginally better inhibition of SINV virion production as

compared to AP4, demonstrating their inhibitory effect on SINV infectivity (Figure 25).

APs suppress membrane remodeling

Because the ability to achieve membrane fusion and fission can affect viral replication and

virion production, we investigated whether the inhibition of SINV replication by APs could stem from

% % %k

1010 I—
— ok ok Figure 25. AP1 and AP4 inhibit SINV virion production.
g HEK?293T cells were infected by SINV Toto1101 for at an MOI of
w 10° %C 1 PFU/cell in the presence of 25 pM AP1 or AP4. Fresh media,
e without AP added, was used to wash cells after infection.
§ Supernatant was harvested at 24 h.p.i. and subsequently used
S 408 to infect BHK-21 cells to titer production of infectious SINV
; virions. Asterisks indicate statistically significant differences,
e © calculated using one-way ANOVA and Dunnett’s multiple

comparison test: *** p<0.001. Data are representative of two
107 T independent experiments.
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an ability to suppress NGC and, accordingly, membrane remodeling. For seven peptides that displayed
efficient SINV replication inhibition (Figure 24; AP1, AP2, AP4, AP7, AP8, AP9, and AP10), we
used synchrotron SAXS to evaluate their effects on NGC generation by a well-established membrane

pore-forming peptide, HIV TAT (Mishra ez 2/, 2008, 2011).

First, we performed control experiments to confirm the individual effects of each AP and HIV
TAT on membranes. Small unilamellar vesicles (SUVs) were incubated with an AP or HIV TAT at a
peptide/lipid (P/L) molar ratio of 1/50 or 1/20, respectively, and the resulting membrane structures
and phase behavior were characterized using SAXS. More specifically, we assayed for the existence of
cubic phases, which are rich in NGC, the type of curvature required for membrane remodeling. We
found that APs alone do not restructure membranes; their scattering curves show a broad feature
consistent with the form factor expected of unilamellar vesicles and closely resemble the scattering
profile of control SUVs (Supplemental Figure 4.2). By contrast, the SAXS profile of SUVs exposed to
HIV TAT exhibit two sets of correlation peaks, which index to a coexistence of a lamellar phase (L«)
(peak position ratio of 1:2) with a periodicity of 5.80 nm and a Prn3m cubic phase (peak position ratio
of V2: V/3) with a lattice parameter of 15.70 nm (Supplemental Figure 4.2). An inverse bicontinuous
inverted cubic phase (Qu), such as the Pn3m “double diamond” and /m3m “plumber’s nightmare”
space groups, consists of two non-intersecting aqueous volumes that are separated by a lipid bilayer
with NGC at every point on its surface. Therefore, in context, the generation of NGC corresponds to

the stabilization of cubic phases.

After establishing that HIV TAT induces NGC and that the APs do not, we incubated SUVs

with HIV TAT in the presence of an AP and measured the induced membrane curvature deformations.
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In these samples, the quantity of HIV TAT was held constant at P/L = 1/20, while for each AP, the
P/L was as varied as 1/100, 1/50, and 1/25. We found that coadministration of AP with HIV TAT
leads to dose-dependent suppression of cubic phase generation, with complete inhibition by P/L =
1/25 for all tested APs (Figure 26). As NGC is an intrinsic characteristic of cubic phases, these results
reveal that the tested APs display comparable NGC inhibitory activity. In fact, at both P/L = 1/100
and 1/50, the magnitude of NGC for each identified cubic phase is similar across all seven APs
(Supplementary Table 4.1). More importantly, these findings indicate that the APs have the capacity

to modulate effects associated with NGC generation.

It should be noted that HIV TAT penetrates cells by creating TM pores, which as discussed
earlier, possess monolayer NGC. Thus, from these SAXS experiments, one might reasonably conclude
that the inhibitory effect of the APs against NGC induction would be limited to instances of
monolayer NGC. However, given that the APs impede the formation of cubic phases (Figure 26),
which are characterized by bilayer NGC, it can be inferred that the APs have the capacity to suppress

both monolayer NGC and bilayer NGC.

Previous studies have shown viral fusion peptide activity to be associated with cubic phase
stabilization (Tenchov ez a/, 2013). Conversely, here we observed a correlation between the ability of
the seven APs to inhibit SINV replication and their ability to destabilize or suppress cubic phases
(Figures 24 and 206). Taken together, these results strongly suggest that the AP inhibition of viral
replication is likely attributed to, at least in part, a non-specific membrane curvature-mediated
mechanism that obstructs membrane remodeling. Moreover, the ability of AP1 and AP4 to reduce

virion production would be consistent with impaired membrane fusion and fission.
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Figure 26. APs suppress HIV TAT-induced NGC.

For AP1, AP2, AP4, AP7, AP8, AP9, and AP10, SAXS scattering curves of SUVs (DOPS/DOPE 20/80)
incubated with HIV TAT in the presence of AP. The P/L molar ratio of HIV TAT was held constant at 1/20, while
the P/L molar ratio of AP was varied (1/100 (cyan), 1/50 (red), and 1/25 (violet)). The peaks corresponding to
the cubic phases induced by HIV TAT were suppressed at high concentrations of AP to leave behind zero-
curvature lamellar phases. Assigned reflections for Pn3m (blue) and /m3m (orange) cubic phases are labeled
above the corresponding peaks. To facilitate visualization, spectra have been offset along the y-axis by scaling
each curve by a multiplicative factor. The lattice parameters of the indexed cubic phases are provided in the
inset (lower right).
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APs generate positive Gaussian curvature

With the understanding that APs can inhibit NGC generation in membranes, we further
studied their membrane interactions in greater detail to gain insight into the mechanism underlying
their activity. We hypothesized that their ability to suppress NGC results from the generation of the
opposite curvature, PGC, which has been shown to antagonize NGC (Lee ez a/, 2021). To evaluate

this hypothesis and the capacity of APs to induce membrane curvature, we examined AP1.

We performed MD simulations to investigate the membrane bending capability of AP1. Eight
AP1 peptides were placed on top of a flat mixed lipid bilayer. Upon equilibration, the peptides
spontaneously adsorbed on the bilayer surface, and the central part of the membrane gradually adopted
a dome-like shape (Figure 27A) to counter the pressure imbalance caused by the shallow insertion of
the peptides. To quantify the membrane curvature generated by the peptides, we divided the
membrane patch into 1 nm X 1 nm grids, and then the center of mass positions of the phosphorus (P)
atoms of both leaflets in each grid were time averaged for 50 ns. We calculated the variation of the
bilayer center as a function of the X and Y coordinates (Figure 27B); evidently, the AP1 peptides

generate significant PGC at the central region of the membrane, in line with experimental results.

We performed additional simulations to investigate whether AP1 is capable of destabilizing a
membrane pore. We chose histone H4 as an example membrane pore former. Histone H4 is a protein
component of neutrophil extracellular traps that can porate membranes to induce lytic cell death,
consequently triggering tissue injury and inflammation (Silvestre-Roig ez 4/, 2019). The membrane
pore-forming activity of histone H4 has been primarily attributed to its N-terminal tail. First, we

prepared a membrane pore stabilized by six copies of the H4 N-terminal tail (Supplemental Figure
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Figure 27. AP1 generates PGC and destabilizes histone H4-induced membrane pore.

(A) Side (top) and 45-degree (bottom) rotated views of a snapshot of the membrane-peptide complex sampled
in our MD simulations illustrate the positive membrane curvature generated by the AP1 peptides, where the
central part of the lipid membrane is bent upward. DOPC and DOPS lipids are represented by cyan lines and
olive spheres represent the phosphate atoms of the lipids. The AP1 peptides are shown in the green cartoon
form. (B) 2D color plot of the membrane center as a function of the lateral dimensions (Xand Y}, which illustrates
the positive membrane curvature generated at the location of absorbed peptides and in the surrounding area.
(C) Five copies of the AP1 peptides (green cartoon) placed near the mouth of a membrane pore generated by
the H4 N-terminal tails (yellow cartoon). Water inside the membrane pore and at the membrane surface are
highlighted by red spheres. Cyan lines represent the DOPE and DOPS lipid tails and the phosphate atoms of
the lipid headgroups are represented by olive spheres. (D) The membrane pore is destabilized as indicated by
the disappearance of the water channel after less than 100 ns during the simulation.
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4.3A). These H4 peptides were observed to strongly adsorb on the membrane surface, creating
negatively curved valleys in the bilayer (Supplemental Figure 4.3B). To assess the stability of the
membrane pore, we calculated the number of water molecules in a cylindrical region of 1 nm width
near the center of the membrane pore, finding that the membrane pore remained stable for the
duration of the simulation (Supplemental Figure 4.3C, 415 ns). One of the H4 peptides inserted deep
into the membrane and aligned with the water channel; several lipids near the water channel changed
their orientation such that the polar heads remained in contact with the water channel (Supplemental
Figure 4.3D) and the hydrophobic tails were oriented perpendicular to the membrane normal, as is

often observed in a disordered toroidal membrane pore.

To investigate if AP1 can destabilize the membrane pore by opposing the NGC generated by
the H4 peptides, we placed five copies of the AP1 peptide near the mouth of a membrane pore. We
observed that the number of water molecules present in the pore decreases to zero at around 85 ns,
indicating destabilization of the H4 generated membrane pore in the presence of AP1 (Supplemental
Figure 4.3C). AP1 peptides induce PGC upon adsorption and pulled up the lipid heads near the pore
mouth, countering the NGC induced by the H4 peptides. As a result, the phosphate groups that were
in contact with the water channel of the stable membrane pore gradually move back to the membrane
surface (Supplemental Figure 4.3E). This lipid rearrangement reduced the width of the membrane
pore and the water channel completely disappears when no phosphate group was left near the bilayer

counter. Once the membrane pore was destabilized, it did not reopen (Figure 27D).
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AP:s are inhibitory against multiple alphaviruses

Because these peptide designs operate via a membrane-based mechanism on general
biophysical processes common to enveloped viruses, their inhibitory effects should not be exclusive to
one virus species. To evaluate the broader application of this peptide class, we examined the efficacy
of lead peptides AP1 and AP4 to inhibit replication of three additional alphavirus species, namely
Venezuelan equine encephalitis virus (VEEV), o’nyong’nyong virus (ONNV), and Ross River virus
(RRV). We infected HEK293T cells with SINV, VEEV, ONNV, and RRV GFP-reporter viruses with

varying MOlIs to maximize percentage of infected cells, fixed cells 18 hours post infection. We then
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analyzed %GFP+ cells via flow cytometry as a measure of the % infected cells. Similar to the effects
seen for inhibition of SINV virion production (Figure 25), while both AP1 and AP4 significantly
inhibit percentage of infected cells for all four viruses (Figure 28), AP1 inhibits alphavirus infection

demonstrably better than AP4 for SINV and VEEV infections (Figure 28A, 28C). These data capture

the effectiveness of this mechanism of action against multiple species in the alphavirus genus.

DISCUSSION

In this study, we present a class of peptides that apply a non-specific membrane curvature-
mediated mechanism to suppress membrane-remodeling processes such as those vital to the viral life
cycle. More specifically, this mechanism directly interferes with the lipid dynamics that drive
membrane fusion and fission, and consequently, can impair the ability to achieve viral entry and virion
release. While different proteins facilitate the conformational changes involved in membrane fusion
and fission, there exist essential underlying biophysical features of these processes that are shared by
enveloped viruses (Martens and McMahon, 2008; Markvoort and Marrink, 2011; Rossman and Lamb,
2013). Most current inhibitor designs focus on blocking specific ligand-receptor interactions, limiting
their application as broad antiviral therapeutics (Diizgiines ez a/, 2021). Therefore, by targeting these
key commonalities, our membrane curvature-mediated mechanism has the potential to be an effective
broad-spectrum antiviral strategy against enveloped viruses. Moreover, the ability to inhibit both viral
entry and egress holds promise for preventing infection and transmission, and reducing disease
progression. In addition, a membrane-based mechanism of action is further likely to offer a high barrier

to the development of viral resistance (Vigant ez a/, 2015).
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Here, we characterized the antiviral properties of a novel class of antifusion peptides against
alphaviruses. Collectively, the peptides demonstrated a range of cytotoxicity and inhibition against
SINV replication (Figure 24 and Supplemental Figure 4.1). We further characterized the two most
potent APs, AP1 and AP4, and found that they were both able to potently inhibit production of
infectious SINV virions (Figure 25) and inhibit replication of three other alphaviruses (Figure 28).
SAXS experiments on seven APs with high levels of inhibition against SINV replication demonstrate
that they all suppress NGC generation (Figure 26). MD simulations further demonstrate that the AP
membrane-stabilizing activity is driven by their ability to generate PGC (Figure 27), which is the type
of curvature antagonistic to NGC, thereby inhibiting membrane remodeling. Further work is required
to examine how different physical properties of these peptides affect their ability to induce PGC and

thereby inhibit viral fusion.

It is important to note that there are currently no vaccines or treatments available for
alphaviruses (Azar ez a/, 2020; Stromberg ez a/, 2020; Read ez al, 2021), and thus, the identification of
new strategies toward the development of antiviral prophylactics and therapeutics has significant
implications for the prevention and control of human disease caused by alphaviruses. As the membrane
curvature-mediated mechanism presented here acts on essential, conserved biophysical processes and
features shared by enveloped viruses, it is non-specific by nature. Further work is required to investigate
whether the antifusion peptides tested here are also inhibitory against class I and class I1I viral fusion

proteins.
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MATERIALS AND METHODS
Peptides
Lyophilized AP peptides synthesized using solid-phase synthesis were purchased at high purity

(>95% HPLC) from LifeTein (Somerset, NJ). Lyophilized HIV TAT peptide was purchased from

Anaspec (Fremont, CA). Peptides were dissolved in ultrapure water before use.

Viruses

Wild-type SINV (Toto1101), SINV expressing firefly luciferase (Toto1101/Luc), SINV
expressing EGFP (TE/5°2]/GFP), ONNV expressing EGFP (gifted by Dr. Steve Higgs, Kansas State
University), RRV expressing EGFP (gifted by Dr. Mark Heise, University of North Carolina), and
VEEV vaccine strain TC-83 (gifted by Dr. Ilya Frolov, University of Alabama at Birmingham) have
been previously described (Frolova ez al, 2002; Bick ez al, 2003; Gorchakov ez al, 2012; Brault ez al,
2004; Morrison et al, 2006). BHK-21 cells were used to generate viral stocks and titers for multiplicity
of infection (MOI) calculations as previously described (Bick ez a/, 2003). HEK 293T cells (gifted by
Dr. Oliver Fregoso, University of California at Los Angeles) were cultured in Dulbecco’s modified
eagle medium (DMEM; Gibco, Waltham, MA) supplemented with 10% FBS, while BHK-21 cells

were cultured in MEM (Gibco) supplemented with 7.5% FBS.

SINV replication inhibition assays

Viral infections were performed essentially as previously described (Bick ez 2/, 2003). Infections
were carried out in either 24-well or 96-well culture plates, with 150 pL or 50 pL inoculum per well,
respectively. Plates were coated with poly-L-lysine prior to seeding with HEK 293T cells. Briefly, virus

was diluted in Dulbecco’s phosphate-buffered saline (DPBS; Gibco) supplemented with 1% FBS and
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antifusion peptide (AP) prior to infection. One day after seeding, media was aspirated and replaced
with either 150 mL of viral inoculum for 24 well plates or 50 mL for 96 well plates. After 1 hour of
adsorption at 37C, fresh media supplemented with the corresponding concentration of AP was added
to each well for a final volume of 500 pL for 24 well plates and 150 pl for 96 well plates. Lysates were
harvested in 1X passive lysis buffer at 24 hours post infection (h.p.i.) and luciferase activity was
determined with the luciferase assay system (Promega, Madison, W1) according to the manufacturer’s
recommendations. Luciferase activity was measured on a Biotek Synergy H1 plate reader (Agilent,
Santa Clara, CA). EC50, and 95% CI, and agonist response curves for each peptide were calculated
on GraphPad Prism 9.4 using the nonlinear regression analysis with the [Agonist] vs. normalized
response — Variable slope equation.
Cytotoxicity assays

HEK293T cells were seeded in a poly-L-lysine coated 96 well plate. One day post-seeding,
media was aspirated, and 100 pL fresh media supplemented with AP was added to each well. AMTT
Cell Proliferation Assay (ATCC, Manassas, VA) was used to assess cytotoxicity per manufacturer

instructions 24 hours after AP was added.

SINV plaque assays

Plaque assays were performed essentially as previously described (Bick ez a/, 2003). Briefly,
HEK293T cells were seeded in poly-L-lysine coated 24-well plates. One day later, cells were infected
as previously described with inoculum supplemented with AP treatment at 25 pM. After 1 hour of
adsorption at 37°C, cells were washed once with fresh media before replacing with 500 mL of fresh

media to wells, without AP present. Supernatant was harvested at 24 h.p.i. and subsequently used for
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plaque assays on BHK-21 cells. BHK-21 cells were seeded in 6-well plates. One day post-seeding, viral
supernatant was serially diluted in PBS supplemented with 1% FBS. After aspirating the media. 200
pl of serially diluted inoculum was added to each well, and cells were incubated at 37°C for 1 hour
with occasional rocking. Following adsorption, an MEM overlay supplemented with 4.2% Avicel and
penicillin/streptomycin was added to the wells. A 7% paraformaldehyde solution was added to each
well 24 h.p.i., and wells were subsequently stained with crystal violet before washing and counting

plaques for viral titer calculations.

Preparation of single unilamellar vesicles (SUVs)

Lyophilized phospholipids 1,2-dioleoyl-szn-glycero-3-phospho-L-serine (DOPS) and 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) purchased from Avanti Polar Lipids (Alabaster,
AL) were dissolved in chloroform at 20 mg/mL to yield individual stock solutions. A lipid composition
was prepared from lipid stock solutions as a mixture of DOPS/DOPE at a molar ratio of 20/80. The
lipid mixture was evaporated under nitrogen and desiccated overnight under vacuum to form lipid
films. The lipid film was resuspended in physiological aqueous buffer (140 mM NaCl, 10 mM HEPES,
pH 7.4) and incubated overnight at 37 °C. The lipid suspension was sonicated until clear and extruded

through a 0.2-pm pore Anotop syringe filter (Whatman) to form SUVs.

SAXS experiments

SUVs were mixed with peptides at specified P/L molar ratios and hermetically sealed into 1.5
mm quartz capillaries (Hilgenberg GmbH, Mark-tubes). SAXS measurements of the peptide-lipid
samples were taken at the Stanford Synchrotron Radiation Lightsource (beamline 4-2) using

monochromatic X-rays with an energy of 9 keV. Samples were incubated at 37°C and centrifuged
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before measurement. Scattered radiation was collected using a DECTRIS PILATUS3 X 1M detector
with a 172-um pixel size. The 2D powder diffraction patterns were azimuthally integrated into 1D

patterns using the Nika 1.76 package (Ilavsky, 2012) for Igor Pro 7.04 (Wavemetrics).

The integrated scattering intensity /(g) vs. g was plotted using OriginPro (OriginLab). To
identify the phases present in each sample, ratios of the g-values of observed peaks were compared to
the permitted reflections for different liquid-crystalline lipid phases (e.g. lamellar, cubic). Lamellar
phases index to integer ratios of 1:2:3:4. For cubic phases, the Pn3m space group permits reflections
at ratios of V2:V3:V4:6:\8 and the Im3m space group permits reflections at ratios of V2:\N4:V6:V8:710.
For each cubic phase, the measured ¢ positions for the Bragg peak reflections were fitted to the
€qUAtion gyuma = 27\ (2 +#2+E) ] a, where bkl are the Miller indices and 4 is the lattice parameter. For
each of the measured cubic phases, the quantity of induced NGC was calculated as the average NGC
per unit cell volume using the equation (K)=27zy/Asa’, where y is the Euler characteristic and Ay is the
surface area per cubic unit cell. Parameter values are y = -2 and Ao = 1.919 for Pn3m cubic phases.
Parameter values are y = —4 and Ao = 2.345 for Im3m cubic phases. For each lamellar phase, the
measured ¢ positions for the reflections were fitted t0 @ = 27n/d, where n is the order of the

reflection and 4 is the periodic spacing.

Molecular dynamics (MD) simulations

A model AP1 peptide was built in the helical form using the UCSF Chimera software (Yang
et al, 2012). Eight copies of the built peptide were placed on top of a mixed lipid bilayer consisting of
640 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 160 DOPS lipids. The bilayer was built

using the CHARMM-GUI software (Jo ez al, 2008). The built lipid-peptide complex structure was
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then solvated using a TIP3P water (Jorgensen et a/, 1983) box of size ~16.6 X 16.6 X 8.4 nm®.
Appropriate number of Na* ions were added to maintain charge neutrality. The CHARMM36
forcefield (Klauda ez a/, 2010; Best ez a/, 2012; Huang and MacKerell Jr, 2013) was used to describe
the peptides, lipids, and ions. The solvated peptide-lipid complex structure was first energy minimized
using the steepest descent and conjugate gradient methods to remove any bad contacts. This step was
followed by a 75 ns long equilibration at constant pressure (1 bar) and at constant temperature (303
K). The pressure and temperature of the system were controlled using a Parrinello-Rahman (Parrinello
and Rahman, 1981) barostat with a time constant of 5 ps and a Nosé~Hoover (Nosé, 1984; Hoover,
1985) thermostat with a time constant of 1 ps, respectively. The LINCS algorithm (Hess ez a/, 1997)

was used to constrain the hydrogen atoms that allowed a time step of 2 fs for the integrations.

We considered a membrane pore formed by the N-terminal tail (aal-24) of histone H4 to
investigate the capability of membrane pore destabilization by the AP1 peptides. Coordinates of the
H4 N-terminal tail were taken from the protein data bank (PDB: 1KX5). Six copies of the H4 tail
were placed on top of a DOPE/DOPS (160:40) mixed lipid bilayer. Simulations of membrane pore
formation were performed in the following steps. In the first step, lipids tails were modelled using the
Highly Mobile Membrane Mimetic (HMMM) model (Ohkubo ez 4/, 2012) to achieve rapid
equilibration of local lipid distributions around the peptides. The HMMM equilibrated membrane-
peptide complex structure was then converted to the full lipid model using the CHARMM-GUI tool.
We then simulated the full lipid membrane-peptide complex using constant pressure — constant area
(NPAT) ensemble in which the area per lipid was taken to be 50% higher than its equilibrium value,

which facilitates water channel formation across the membrane by the H4 peptides. A configuration

146



from the NPAT simulation trajectory was then simulated in a restraint-free constant pressure (1 bar),
constant temperature (303 K) ensemble for 415 ns during which the simulation box lengths readjusted
spontaneously to achieve the correct lipid density and a stable water channel was formed across the
membrane. Once formed, the water channel remained stable throughout the entire 415 ns long
simulation (Supplemental Figure 4.3C); stability of the membrane pore was assessed by monitoring

the number of water molecules near the center of the membrane pore.

To investigate the interactions of the AP1 peptides with the membrane pore, we removed the
bulk water from a stable membrane pore, but the water inside the membrane pore and the water at
the membrane surface were kept intact. Five copies of the AP1 peptide were then placed on the
membrane surface (Figure 27C). The membrane/H4 peptide/AP1 peptide complex system was then
solvated and an appropriate number of ions were added to maintain charge neutrality. The solvated
system was then energy minimized using the steepest descent and conjugate gradient method to
remove any bad contacts. The energy minimized structure was then equilibrated at constant pressure
(1 bar) and constant temperature (303 K). The pressure and temperature of the system were controlled
using a Parrinello-Rahman barostat with a time constant of 5 ps and a Nose—Hoover thermostat with
a time constant of 1 ps, respectively. A time step of 1.5 fs was used for the integration of equations of
motion. Upon equilibration, the AP1 peptides gradually adsorbed on the membrane surface and
destabilized the membrane pore. All simulations were performed using GROMACS package

(Abraham et al, 2015).
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Flow cytometry analysis

Flow cytometry was performed essentially as previously described (Bick ez 2/, 2003). Briefly,
HEK293T cells were seeded in poly-L-lysine coated 24-well plates. One day later, cells were infected
with EGFP expressing viruses at an MOI of 0.01-5 PFU/cell (ONNV-GFP, MOI 0.5; RRV-GEFP,
MOI 1; SINV-GFP, MOI 5; VEEV-GFP, MOI 0.01) in the presence of 25 uM of AP1 or AP4. After
1 hour of adsorption at 37°C, media supplemented with 25 pM of AP1 or AP4 was added back to the
appropriate wells. Cells were harvested at 18 h.p.i. and fixed in 1% paraformaldehyde for flow
cytometry analysis. A MACSQuant Analyzer 10 (Miltenyi Biotec, Auburn, CA) was used to acquire
data, which was subsequently analyzed using Flow]o (BD Biosciences, Franklin Lakes, NJ) to calculate

percent infected (GFP+) cells.
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SUPPLEMENTARY MATERIAL
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Supplemental Figure 4.1. AP3, 5, 6, 12, and 13 do not inhibit SINV replication.

HEK293T cells were infected by Toto1101/Luc at an MOI of 0.01 PFU/cell in the presence of varying
concentrations of (A) AP3, (B) AP5, (C) AP6, (D) AP12, or (E) AP13. Lysates were harvested at 24 h.p.i. and
measured for luciferase activity. Cytotoxicity at 24 hours for varying peptide concentrations was measured
using a MTT proliferation assay. Data are combined from 2-3 independent experiments as indicated in each

panel.
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Supplemental Figure 4.2. SAXS scattering curves of control samples.

Control samples containing (A) SUVs incubated with individual peptides, and (B) individual peptides in aqueous
buffer. To facilitate visualization, spectra have been offset along the y-axis by scaling each curve by a
multiplicative factor.

150



>
vy
@

8 85 » — without AP1
I 7 ' 8 60 — with AP1

6 E 825 .
5 8 = £3

3 2 5240

£ 75 8 $34

>3 § o5
2 g 3§
1 Te 5%
0 . 1

% , 300 400
X (nm) time (ns)

DXLl A LTS

Supplemental Figure 4.3. Membrane pore formed by the N-terminal tail of histone H4 is destabilized by AP1.

(A) Equilibrated structure of a membrane pore formed by the H4 N-terminal tails, which are shown in the yellow
cartoon form. Water molecules inside the membrane pore and near the membrane surface are shown as red
spheres. Cyan lines represent the DOPE and DOPS lipid tails and the olive spheres represent the phosphate
atoms of the lipid headgroups. (B) 2D color plot of the membrane center as a function of lateral dimensions (X
and Y. Black spots represent the negative membrane curvature induced by the H4 peptides. (C) Number of
water molecules in a region of 1 nm width near the pore center as a function of simulation time. The number
of water molecules decreased to zero at around 85 ns in the presence of AP1 peptides, which indicates the
destabilization of the membrane pore by the AP1 peptides. (D) A zoomed-in view of the membrane pore
showing that phosphate groups (represented by green spheres) of several lipids remain in contact with the
water channel (red spheres); the tails of these lipids are almost perpendicularly oriented with respect to the
membrane surface. (E) AP1 peptides (represented by green cartoon) destabilize the membrane pore by
opposing the negative curvature induced by the H4 peptides. The phosphate groups that stabilize the water
inside the membrane core move back to the membrane surface.
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Supplementary Table 4.1. Identified phases in membranes co-treated with HIV TAT and APs.

Lattice parameter (nm) and corresponding magnitude of NGC, |<K>|, if present, is listed for all identified phases.

Lattice
HIVTAT | AP [<K>|
AP Phase Parameter P
P/L P/L (nm) (nm3)
AP1 Lo 5.83
AP2 La 5.96
AP4 La 5.86
1/25 AP7 Lo 5.65
AP8 Lo 5.84
AP9 La 5.99
AP10 Lo 5.99
Qll Pn3m 13.40 3.65E-02
AP1 La 5.86
Qll Pn3m 13.56 3.56E-02
AP2 Qll /m3m 17.08 3.67E-02
Lo 5.93
APA Qll Pn3m 13.60 3.54E-02
1/50 La 5.86
AP7 Lo 5.95
Qll Pn3m 14.05 3.32E-02
AP8 La 5.84
AP9 Qll Pn3m 13.24 3.74E-02
1/20 La 5.94
Qll Pn3m 13.16 3.78E-02
AP10 La 5.94
Qll Pn3m 14.83 2.98E-02
AP1 La 5.84
Qll Pn3m 14.83 2.98E-02
AP2 La 5.87
Qll Pn3m 15.17 2.85E-02
AP4 La 5.85
Qll Pn3m 14.59 3.08E-02
1/100 | AP7 La 589
Qll Pn3m 15.04 2.89E-02
AP8 La 5.83
Qll Pn3m 14.83 2.98E-02
AP9 La 5.89
Qll Pn3m 14.83 2.98E-02
AP10 La 5.89
0 Qll Pn3m 15.70 2.66E-02
La 5.80

152



Chapter 5

Concluding remarks
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SUMMARY

The work I presented in this doctoral dissertation explores the role of ubiquitination and RNA

binding in antiviral mechanisms utilized by TRIM25 and ZAP.

First, we utilized a “substrate trapping” approach to identify and characterize TRIM25
ubiquitination substrates involved in varied biological processes, representing a significant advance in
the ubiquitination field. This approach relies on a point mutation in the TRIM25 RING catalytic
domain, abolishing ligase activity (Figure 9) and trapping substrates (Figure 10). By doing so, we are
able to identify TRIM25 interactors in a more physiological setting as opposed to generating artificial
E3-Ub binding domain fusions. We demonstrate that TRIM25 ubiquitinates proteins implicated in
stress granule formation (Figure 11, G3BP1/2), nonsense-mediated mRNA decay (Figure 12, UPF1),
nucleoside synthesis (Figure 13, NME1), and mRNA translation and stability (Figure 14, PABPC4).
Additionally, we show that the R54P mutation nullifies TRIM25 inhibition of alphaviruses
independent of the host IFN response (Figure 15), and that TRIM25 antiviral activity is diminished
upon knockdown of NME1 and PABPC4 (Figure 16). Our study is the first presenting a
comprehensive ubiquitinome analysis of this important cellular factor, given TRIM25’s involvement

in both antiviral innate immunity and cancer cell biology.

We then characterized the effects of ZAP and TRIM25 RNA binding on inhibiting SINV and
JEV, given their susceptibility to ZAP-mediated translation inhibition. Our work is the first to
generate a comprehensive panel of ZAP and TRIM25 RNA binding mutants and dissect the impact
of RNA binding (Figure 17) on not only their ability to interact with one another (Figure 18), but

also to restrict viral replication and translation (Figures 19-21). Moreover, we utilized full-length ZAP
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and TRIM25 in addition to full-length SINV gRNA in order to examine the impact of RNA binding
in a more physiologically relevant setting. We showed that mutations impacting ZAP CpG-specific
RNA binding significantly affect its ability to restrict SINV replication, SINV translation, and JEV
translation (Figure 22). We also demonstrate that ZAP RNA binding is significantly negatively
correlated with the rigor of its TRIM25 interaction (Figure 22). Altogether, we identify two distinct,

viral context-specific determinants for ZAP antiviral mechanisms, namely ZAP RNA binding and

association with TRIM25.

Finally, our collaborative work characterizing the ability of novel antifusion peptides to
remodel membranes and restrict alphavirus replication (Figures 24-28) represents the development of
a promising far-reaching antiviral therapeutic, potentially capable of inhibiting all enveloped viruses.
These antifusion peptides are predicted to generate a positive Gaussian curvature contrary to the
negative Gaussian curvature created by viral fusion peptides during their entry, thus blocking their

ability to fuse with host membranes and invade cells.

Altogether, my doctoral dissertation represents a significant advancement in understanding
TRIM25 and ZAP inhibition of viral replication, with a specific focus on illuminating the roles of
ubiquitination and RNA binding in their restriction of alphavirus translation. My work adds to the
growing body of knowledge examining how ISGs work together to stymy viral replication and helps

aint a picture of how cellular co-factors are nature’s “antiviral cocktail,” a multipronged defense
t t fh 1lul fact t g

against the perpetual viral onslaught. After all, the best defense is a good offense. (@
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FUTURE DIRECTIONS
Validation of additional TRIM25 substrates

Perhaps the most obvious, low-hanging fruit (albeit possibly difficult to pluck) would be to
continue validating and characterizing TRIM25 interactors identified in our co-IP/MS (Tables 1-4)
as bona fide TRIM25 substrates. There are several proteins of interest, including the IGF2BP family
of m°A readers, the stress granule proteins FXR1 and FMRI1, and the RNA binding proteins DDX21,

DDX50, ZCCHC3.

A family of m°A readers: IGF2BP2 and IGF2BP3

Insulin like growth factor 2 mRNA binding (IGF2BP) proteins 2 and 3 enriched strongly with
TRIM25 in our co-IP/MS in the absence of infection (Tables 1-2; IGF2BP2, log2FC 1.73-3.23;
IGF2BP3, log2FC 2.67 — 3.56). The IGF2BP family of proteins was identified as N®-methyladenosine
(m°A) readers, which is the most common reversible post-transcriptional modification on cellular
RNAs (Zaccara ez al, 2019). Three primary types of proteins are involved in m°A modification: writers,
erasers, and readers, which add, remove, and bind m°A, respectively. Viral RNA containing m°A has

been shown to evade detection by cellular PRRs (Tong ez a/, 2022).

Though only possessing a weak binding affinity for m°A, the IGF2BP family is thought to
promote m°A mRNA stability and storage (Huang ez 4/, 2018). Interestingly, all IGF2BP members
bind to the oncogenic gene ¢c-myc mRNA and promote its stability, thus driving oncogenesis (Huang
et al, 2018). IGF2BPs utilize RNA recognition motifs (RRM) and KH domains as their RNA binding
domains, wherein the KH3-4 di-domain is thought to be the primary determinant for m°®A recognition

(Huang ez al, 2018). Both IGF2BP2 and IGF2BP3 possess predicted ubiquitination sites within their
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KH domains (Hornbeck ez al/, 2015). Moreover, ubiquitination of IGF2BP3 by MKRN2 or
HECTD4 likely targets it for degradation (Jia ez a/, 2020; Pan et a/, 2022). Importantly, TRIM25 was
recently identified to ubiquitinate IGF2BP1-3 and target them for degradation, utilizing m°A-

containing circNDUFB2 RNA as a scaffold (Li ez a/, 2021a).

Taken together, TRIM25-mediated ubiquitination of IGF2BP2 and 3 may function in
antiviral innate immunity through several distinct scenarios. I hypothesize that IGF2BP may bind to
m°A-containing viral RNA and serve to 1) mask them from detection by PRRs and/or 2) enhance
their stability and translation. In the first scenario, TRIM25 ubiquitination of IGF2BP proteins would
unmask viral RNA and boost the host innate immune response, likely driving production of type I
IFN. In the second scenario, TRIM25 ubiquitination of IGFBP proteins would lower stability of viral
RNA and subsequent translation, appearing as TRIM25 restriction of viral translation. Further
experiments are required to assess which viral RNA species IGF2BP bind, and whether IGF2BP

ubiquitination by TRIM25 results in inhibition of viral replication.

Components of stress granules or alphavirus replication complexes: FXR1 and FMR1

In addition to the core SG proteins G3BP, we also identified the SG proteins fragile-X mental
retardation autosomal 1 (FXR1) and fragile X messenger ribonucleoprotein 1 (FMR1) as robust
TRIM25-WT interactors in the absence of infection (Table 2; FXRI, log2FC 1.52-4.86; FMRI,
log2FC 2.14-2.16). FXR1 and FMR1, named after their role in Fragile X syndrome, are RNA binding
proteins that localize to SGs (Youn ez a/, 2018). As previously discussed in Chapter 2, the Old World

alphaviruses SINV and CHIKV utilize the SG proteins G3BP to cluster their viral replication

157



complexes and recruit translation initiation machinery (Cristea ez a/, 2010; Scholte ez a/, 2015; Kim

et al, 2016; Gotte et al, 2019, 2020).

In contrast, the New World alphavirus VEEV interacts not with G3BP, but with all members
of the Fragile X family, FXR1, FXR2, and FMR1, requiring the presence of at least one family member
to facilitate formation of viral replication complexes (Kim ez a/, 2016). While we did not identify a
sufficient role for G3BP in mediating TRIM25 inhibition of SINV or CHIKV replication
(Supplemental Figure 3.2), it is still possible that TRIM25-mediated ubiquitination of FXR1 and/or
FMR1 may inhibit replication of New World alphaviruses, given that TRIM25 is able to inhibit

VEEV infection (Figure 15D).

RNA binding and unwinding: DDX21, DDX50, and ZCCHC3

One final group of putative TRIM25 substrates of interest consists of RNA binding proteins:
the DExD-box (DDX) helicases 21 (DDX21) and 50 (DDX50) and the zinc finger CCHC domain-
containing protein 3 (ZCCHC3). We found that DDX21 consistently interacts with TRIM25 only
in the absence of infection (Tables 1 and 2, log2FC 1.60-3.52) while both DDX50 and ZCCHC3
robustly interact with TRIM25 in all conditions tested (Tables 1-4; DDX50, log2FC 2.44-5.52;

ZCCHC3, 2.47-5.21).

The DDX RNA helicase family consists of ATPase dependent RNA helicases that regulate all
aspects of RNA metabolism, and includes the classic dsRNA sensor RIG-I, also known as DDX58
(Cordin ez al, 2006). In particular, DDX21 is thought to coordinate transcription and ribosomal RNA

processing in addition to safeguarding genome integrity (Calo ez a/, 2015; Song et al, 2017). While
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DDX21 has been shown to occupy both pro-viral and antiviral roles during infection (for a
comprehensive review, see Ullah ez a/, 2022), of special consideration is DDX21 inhibition of IAV
RNA synthesis by binding to the PB1 subunit of the viral RdARp (Chen ez 4/, 2014) — the same step at
which TRIM25 has been shown to inhibit IAV RNA synthesis (Meyerson ez al, 2017). Moreover, the
viral NS1 protein has been demonstrated to bind both DDX21 and TRIM25 (Gack ez a/, 2009; Chen
et al, 2014). It is interesting to speculate that DDX21 and TRIM25 work in concert to inhibit IAV

RNA synthesis, though this hypothesis has yet to be tested.

Though DDX50 shares over half of its sequence identity with DDX21, it is not as well
characterized. However, DDX50 has been shown to enhance IRF3 activation and upregulate
subsequent IFN- and NF-xB signaling, thereby inhibiting replication of both RNA and DNA viruses
(Han ez al, 2017; Pallett ez al, 2022). It is possible that TRIM25 acts at multiple steps to regulate IFN

signaling, and could ubiquitinate DDX50 to drive an even more robust type I IFN response.

In contrast to the DDX family of RNA helicases, ZCCHC3 binds not only to RNA but also
to DNA, interacting only with the double-stranded (ds) versions of both (Lian ez a/, 2018a, 2018b).
In line with its ability to bind both dsDNA and dsRNA, ZCCHCS3 functions as a co-sensor for the
dsDNA sensor cGAS (Lian et 4/, 2018a) and the RLR dsRNA sensors RIG-I and MDAS5 (Lian ez 4/,
2018b). For the latter, ZCCHCS3 recruits TRIM25 to RIG-I and MDAS5 complexes to facilitate their
K63-linked polyubiquitination and activation (Lian ez 4/, 2018b). However, it remains unknown
whether ZCCHC3 itself is a TRIM25 substrate, though it does possess several predicted

ubiquitination sites (Hornbeck ez 4/, 2015). It would be interesting to test whether TRIM25 interacts
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with and/or ubiquitinates ZCCHCS3 in its role as a ¢GAS co-sensor, potentially functioning as an

additional ZAP co-factor and explaining ZAP inhibition of DNA viruses (Ficarelli ez a/, 2021).

ZAP modulation of TRIM25 substrates

My work identified TRIM25 ubiquitination targets that may be involved in TRIM25
inhibition of viral translation (Figure 10, Tables 1-4). However, it remains unclear whether ZAP
modulates TRIM25 substrates to function in its restriction of viral translation. To address this
question, we stably knocked down ZAP expression in our TRIM25 inducible cell lines using lentiviral
delivery of ZC3HAVI shRNA (Appendix 2). We then performed one co-IP/MS experiment with these

cell lines, using the same experimental set up as Figure 10A.

We hypothesized that comparing differences in TRIM25 interactors in the presence and
absence of ZAP would identify ZAP-dependent TRIM25 substrates. Because we only ran this
experiment once, we are unable to draw any definitive conclusions. However, we were able to observe
some interesting trends. In the absence of viral infection, TRIM25-WT interacted with many more
proteins when ZAP was present in contrast to TRIM25-R54P, which interacted with more proteins
when ZAP was absent (Figure 29). TRIM25-R54P had more interactions in general than TRIM25-
WT in the absence of infection; during infection, the number of interactors was comparable between
TRIM25-WT and -R54P (Figure 29). This experiment bears repeating in order to draw more concrete
conclusions about which identified interactors display consistent, ZAP-dependent association with

TRIM25.
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Figure 29. Elucidation of ZAP-dependent TRIM25 substrates.

(A) Schematic of TRIM25 inducible +/- ZAP KD cell lines and comparisons. “vs” indicates comparison of
enriched substrates in the lefthand group as compared to the right. (B) Number of TRIM25 interactors enriched
in co-IP/MS analysis of each cell line as compared to TRIM25 KO 293T. Interactors are classified as Log2FC>2
and Pvalue<0.05, or iLog2FC>2 and iPvalue<0.05, where the “i” stands for imputed. If both the imputed and
real values exist for a protein, the real values were used. The black bars indicated shared interactors for each
cell line / virus condition in the presence or absence of ZAP. n=1

Assaying requirement for TRIM25 substrates in ZAP antiviral activity in varied contexts

How ZAP is able to inhibit a broad range of viruses via diverse mechanisms despite lacking
catalytic activity has been a long-standing question (Yang and Li, 2020; Ficarelli ez 2/, 2021). We
hypothesize that TRIM25-mediated ubiquitination of varied substrates may enable ZAP antiviral

activity in differing contexts, functioning as “co-co-factors” so to speak. The partial species-specificity
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of TRIM25 and ZAP with regards to their cooperative antiviral activity (Gongalves-Carneiro et 4/,
2021) may be due to species-specific TRIM25 substrates that function in ZAP antiviral activity. While
we did not find G3BP and UPF1 to be sufficient to mediate TRIM25 inhibition of alphaviruses in
human cells (Supplemental Figure 2.2), this does not preclude their involvement in TRIM25

inhibition of alphaviruses in other species, given that alphaviruses are able to replicate in arthropods,

birds, reptiles, fish, and mammals (Griffin, 2013).

Though we identified TRIM25 interactors in the context of alphavirus replication (Tables 1-
4), some of these may function in TRIM25-ZAP inhibition of other viruses. For example, TRIM25,
ZAPL, and DDX21 may all work together to inhibit IAV replication. Not only do they each
individually interact with IAV proteins (DDX21 with PB1, TRIM25 with NP, and ZAPL with PB2
and PA), but they also interact with each other. Collectively, these protein-protein interactions may
allosterically enhance their inhibition of IAV RNA synthesis. It is also interesting to speculate that
ZAPL antagonism of IAV involves TRIM25-mediated ubiquitination, given that ZAPL interaction
with the viral polymerase subunits PB2 and PA results in their ubiquitination and subsequent

proteasomal degradation (Liu ez a/, 2015).

A delicate binding balance: TRIM25, ZAP, and RNA

We are the first to show that ZAP mutants with reduced ability to bind SINV RNA (Figure
17) associate more strongly with TRIM25 (Figure 18); in other words, that ZAP RNA binding is
significantly negatively correlated with its interaction with TRIM25 (Figure 22). This is in line with
data that show that the N-terminal ZAP ZnFs are required both for its interaction with TRIM25

(Gongalves-Carneiro ez al, 2021) and for binding to RNA (Guo ez a/, 2004). Therefore, we hypothesize
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that SINV RNA and TRIM25 competitively bind to ZAP, which may serve to maintain a delicate
balance of multiple necessary molecular interactions for ZAP antiviral activity. It is possible that
stronger association of ZAP RNA binding mutants with TRIM25 could prevent TRIM25 from

interacting with its substrates necessary for inhibition of SINV translation.

CLOSING STATEMENT

In producing the first comprehensive TRIM25 ubiquitinome analysis and thoroughly
characterizing the role of RNA binding in TRIM25 and ZAP restriction of viral translation, my
dissertation work has helped lay the foundation to an in-depth understanding of both TRIM25 diverse
biological processes and ZAP antiviral mechanisms. In the future, elucidating the antiviral function of
TRIM25 substrates may enable the development of pan-antivirals that rely on harnessing natural host
defenses, such as by engineering post-translational modifications. Such therapeutic advancements

would potentially assist in alleviating any future pandemic viral spillover events.
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All about the RNA: Interferon-stimulated genes

that interfere with viral RNA processes

165



l" frontiers

in Immunology

REVIEW
published: 09 December 2020
doi: 10.3389/fimmu.2020.605024

OPEN ACCESS

Edited by:

Mark R, Walter,

University of Alabama at Birmingham,
United States

Reviewed by:

Preeti Bharaj,

University of Texas Medclical Branch at
Gaiveston, United States

Ronald L. Rabin,

United States Food and Drug
Administration, United States

*Correspondence:
Melody M. H. Li
manhinghi@mednet.ucla.edu

Speciaity section:

This article was submitted to
Cytokines and Soluble
Mediiators in Immunity,

a section of the journal
Frontiers in Immunology

Received: 11 September 2020
Accepted: 09 November 2020
Published: 09 December 2020

Citation:

Yang E and Li MMIH (2020)

All About the RNA:
Interferon-Stimulated

Genes That interfere With

Viral RNA Processes.

Front. immunol. 11:605024.

doi: 10.3389%/fimmu.2020.605024

Check for
updates.

All About the RNA:
Interferon-Stimulated Genes That
Interfere With Viral RNA Processes

Emily Yang ™2 and Melody M. H. Li"%*

" Molecuiar Biology Institute, University of California, Los Angeles, Los Angeles, CA, United States, 2 Department of
Microbiofogy, Immunology, and Molecular Genetics, University of California, Los Angeles, Los Angeles, CA, United States

Interferon {IFN} signaling induces the expression of a wide array of genes, collectively
referred to as IFN-stimulated genes (ISGs) that generally function to inhibit viral replication.
RNA viruses are frequently targeted by I1SGs through recognition of viral replicative
intermediates and molecular features associated with viral genomes, or the lack of
molecular features associated with host mBNAs. The ISGs reviewed here primarily
inhibit viral replication in an RNA-centric manner, working to sense, degrade, or repress
expression of viral RNA. This review focuses on dissecting how these ISGs exhibit multiple
antiviral mechanisms, often through use of varied co-factors, highlighting the complexity of
the type | IFN response. Specifically, these ISGs can mediate antiviral effects through viral
RNA degradation, viral translation inhibition, or both. While the OAS/RNase L pathway
globally degrades RNA and arrests translation, ISG20 and ZAP employ targeted RNA
degradation and translation inhibition to block viral replication. Meanwhile, SHFL targets
translation by inhibiting -1 ribcsomal frameshifting, which is required by many BNA
viruses. Finally, a number of E3 ligases inhibit viral transcription, an attractive antiviral
target during the lifecycle of negative-sense RNA viruses which must transcribe their
genome prior to translation. Through this review, we aim to provide an updated
perspective on how these I1SGs work together to form a complex network of antiviral
arsenals targeting viral RNA processes.

Keywords: interferon-stimulated genes, co-factors, viral RNA degradation, translation inhibition, RNA sensing

INTRODUCTION

Organisms must constantly defend themselves against viral pathogens. In order to stem viral spread,
cells must both signal the presence of viral infection and hinder their replication. One key first line
of cellular defense in vertebrates is the type I interferon (IFN) response. Hosts possess sensors which
recognize pathogen-associated molecular patterns (PAMPs) of invading viruses such as the viral
replicative intermediate double-stranded RNA (dsRNA) and activate transcription factors such as
IFN-regulatory factors 3 or 7 (IRF3/7) and nuclear factor kappa-light-chain-enhancer of activated B
cells (NFkB). As a result, these transcription factors translocate to the nucleus to activate expression
of type T IFN and other proinflammatory cytokines.
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The type [ IFN receptor is expressed ubiquitously on almost all cell
types, allowing for IFN signaling in both infected and neighboring
cells that are uninfected. Janus kinase-signal transducer and activator
of transcription (JAK-STAT) is the predominant, canonical pathway
that regulates ISG transcription. IFN binding to its cell surface
receptor, comprised of IFN-ot receptor 1 (IFNAR1) and IFN-a
receptor 2 (IFNAR2), leads to phosphorylation of pre-associated
JAKI1. Phosphorylated JAK1 and tyrosine kinase 2 (TYK2) then
phosphorylate the TFN receptor, which recruits STATI/2 to be
phosphorylated themselves. Phosphorylated STAT1/2 recruit IRF9
to form the transcription factor complex IFN-stimulated gene factor 3
(ISGF3). ISGF3 translocates to the nucleus where STAT1 is further
phosphorylated for full activation. Within the nucleus, ISGF3 binds to
IFN-stimulated response elements present in the promoters of IFN-
stimulated genes (ISGs), which then effect an antiviral cellular
environment [for a comprehensive review on IFN signaling, see (1)].

Interestingly, a growing body of evidence in recent years suggests
a plethora of non-canonical mechanisms [for a comprehensive
review on canonical and non-canonical regulation of ISG
transcription, see (2)]. Non-canonical ISGF3 complexes
containing unphosphorylated STAT2, unphosphorylated STAT1
and STA'T2, or STAT2 and IRF9 only have been found to mediate
expression of specific ISGs (3-6). Other transcription complexes
such as STAT5-CrkL (7, 8) or transcription factors such as IRF1 (9)
can induce ISG expression. Additionally, cytokines such as TNF-a
can moderately induce a subset of ISGs through the NF«B protein
complex and further synergize with type I or II IFN to jointly
upregulate antiviral ISG expression (10-13). Surprisingly, cellular
pathways that have no apparent connection to the innate immune
response have been linked to ISG induction. For example, inhibitors
of nucleotide synthesis have been shown to effectively upregulate

ISG expression in a JAK-STAT-independent manner (14-17).
Differences in the extent and timing of ISG upregulation likely
depend on the complex interplay between these various mechanisms.

Broadly speaking, an ISG is any gene whose expression is
induced by IFN signaling. Advances in RNA-sequencing (RNA-
seq) technology have enabled the identification of ISGs across varied
cell lines by measuring changes in the transcriptome in response to
IEN stimulation. The online database INTERFEROME continues to
catalog the results of such gene profiling studies (18). However, ISG
expression is more nuanced in reality. A subset of ISGs are direct
targets of IRF3/7 and can be induced with or without downstream
IFN signaling (Figure 1) (1). Other ISGs are both basally expressed
and IFN-inducible, while still others are cell-type specific (19, 20).
Moreover, there are three types of IFN, wherein type I and III are
the classic antiviral IFNs. Though type I and III IFNs bind to
different receptors, they signal through the same JAK-STAT
pathway, thus inducing a shared array of ISGs. Still, type I and III
IFN signaling pathways are differentiated by expression kinetics and
cell-type specific receptor expression [for a recent review, see (21)].
Tight regulation of ISG expression is necessary because
dysregulation of the type I IFN response results in
interferonopathies or systemic inflammation deleterious to the
organism (22).

In addition to regulating their own expression, ISGs are well
known for their inhibition of viral replication. They employ
diverse mechanisms to block virtually every step of viral
replication, though ISGs have been shown to target different
viral life cycle stages for different viruses [for recent reviews on a
broad range of antiviral ISGs, see (20, 23)]. For example, the
IFITM family blocks viral entry of diverse viruses (24) while the
Mx GTPases recognize diverse nucleocapsids and block their

sensors
° « 0AS2
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FIGURE 1 | Viral infection triggers the type | interferon (IFN) response. Virus entry triggers cellular pathogen sensors, which induce production of IFN and IFN
regulatory factor 3 (IRF)-dependent genes. Type | IFN is secreted and binds to IFN-o receptor on the same and neighboring cells, activating production of a wider
array of IFN-stimulated genes {(ISGs). IRF3-dependent ISGs are colored in green. TRIMs is not inclusive of the entire TRIM family, but only those inducible by IFN.

IFNAR

« 0OAS1 *1SG20
* 0AS2 *ZAP
JAK/ °OAs3 * SHFL
* OASL *RBBP6
STAT *RNASEL «TRIMs
cytoplasm

nucleus

> ISGs

167



Yang and Li

1SGs Inhibit Viral RNA Processes

nuclear import (25). TRIM5et disrupts retrovirus uncoating and
targets several viral proteins for proteasomal degradation (26).
However, these only represent a tip of the iceberg. Recent
advances in systematic approaches have allowed us to
unbiasedly uncover ISGs with previously uncharacterized
antiviral activity. Compiled ISG libraries have facilitated
focused loss-of-function or gain-of-function screens of
hundreds of ISGs, illuminating the contribution of individual
1SGs in varied viral contexts (27-30). Furthermore, as advances
in omics approaches allow examination of cellular changes on a
systemic level, attention is shifting to how ISGs interact and even
synergize with one another (27, 31, 32). Moreover, detailed
mechanistic studies are still needed in order to unravel their
mode of action. As ISGs may employ different antiviral
mechanisms against different viruses, studies in varied viral
systems will illuminate how ISGs might recruit different
cellular pathways or factors.

Rather than provide a comprehensive, surface-level view of
myriad 1SGs with their arrayed antiviral functions, we have
chosen to focus on a subset of ISGs that interfere with viral
RNA processes. Recent studies have provided an emerging view
on the diversity and complexity of RNA-based mechanisms by
which different ISGs inhibit viruses with an RNA genome. With
the exception of retroviruses which replicate through a DNA
intermediate, single-stranded RNA (ssRNA) viruses can
generally be categorized as positive-sense and negative-sense.
Positive-sense (+) ssRINA viruses possess genomes that generally
resemble mRNA, in that it can be translated directly by host
translation machinery. However, negative-sense (-) ssRNA
viruses code their proteins in the reverse orientation.
Therefore, they must package their own RNA-dependent RNA
polymerases and transcribe their genomes before viral protein
synthesis can occur. While there are many more ISGs that inhibit
viral RNA processes (Tables 1 and 2), this review will highlight
recent exciting work on a subset of 1SGs that act in an RNA-
centric manner to sense, degrade, or inhibit transcription or
translation of both (+) and (-) ssRNA viral genomes (Figure 2}.
We have chosen the ISGs here because at the time of writing of
this review, they have not been comprehensively reviewed in the
antiviral innate immunity field, and exciting developments have
either illuminated nuances of well-characterized mechanisms or
uncovered entirely new mechanisms by which these ISGs inhibit
viral replication. We synthesized diverse antiviral mechanisms of
individual ISGs and provided hypotheses for how cellular co-
factors mediate the distinct antiviral activities of these ISGs,
which not many previously published reviews have done. We will
begin our discussion with the 2’-5" oligoadenylate synthetase
(OAS)/RNase L pathway, which both senses and degrades RNA,
making it a potent early inhibitor of viral replication. We will
then segue into ISGs that both degrade RNA and inhibit
translation, such as ISG20 and zinc finger antiviral protein
(ZAP), before focusing on a novel means of translation
inhibition by Shiftless (SHFL). We will end with a discussion
of E3 ligases that inhibit viral transcription. Though there are
many additional ISGs that block these RNA-centric steps of viral
replication, this review focuses on ISGs that possess multiple or

TABLE 1 | ISGs that must bind BNA to inhibit viral RNA processes.

Gene Mode of inhibition RNA motif References
ADARA A-to-l sequence dsRNA (33)
conversion
IFITt, -2, -3, -5 Translation inhibition Type C cap structure (34, 35)
lacking 2'-O-
methylation at the 5’
end of ssRNA
18G20 RNA degradation, Largely unknown; (36-38)
translation inhibition recognizes m°A on
HBV RNA
MDAS RNA sensor Long cytosolic dsRNA (39-41)
(> 1,000-2,000 bp)
0AST, -2, -3 RNA sensor, dsRNA (40, 42)
synthesize 2-5A to
activate RNase L
OASL RNA sensor, promotes  dsRNA (43)
RIG-I signaling and
inhibits cGAS signaling
PARP12 Translation inhibition Unknown (44-46)
PKR RNA sensor, dsRNA (40)
translation inhibition
RIG-1 RNA sensor short cytosolic dsRNA (39-41)
or ssRNA (10-300 bp)
with 5'-triphosphate
ends, enriched in poly-
U/UC or AU
sequences
RNase L RNA degradation ssRNA, cleaves at ~ in 47)
UAN, where N is any
nucleotide
TRIM25 Translation inhibition Unknown (48-50),
ZAP RNA degradation, $sRNA, CG (23)
tranglation inhibition, dinucleotide
ISG synergy
ZCCHC3 RNA sensor dsRNA 61)
ZNFX1 RNA sensor dsRNA (52)

Mode of inhibition, RNA motif or substrate preference, and references for the most recent
reviews are listed for ISGs that bind RNA to inhibit viral RNA processes.

TABLE 2 | ISGs that inhibit viral RNA processes with no known dependence on

RNA binding.
Gene Inhibited Known mechanism(s) References
process

RBBP& Transcription  Competitively binds to viral RNA (53)
polymerase

SHFL Translation Inhibits -1 ribosomal frameshifting 54)

TRIM22 Transcription  Prevents transcription factor binding to (55)
HIV-1 promoter

TRIM25 Transcription  Blocks IAV RNA elongation (56)

TRIM32 Transcription — Targets IAV polymerase for degradation 57)

TRIMBY Transcription  Sequesters VSVyp P (68, 59)

Viperin -~ Viral RNA Synthesizes chain terminator from 60)

synthesis cytidine triphosphate

Viral RNA process inhibited (viral RNA synthesis, transcription, or franslation) known
mechanism(s), and references for the most recent reviews are listed for ISGs that inhibit
viral RNA processes without a strict requirerent for RNA binding.

seemingly contradictory antiviral mechanisms. Protein-protein
interactions or cellular co-factors could explain diverse antiviral
mechanisms of individual ISGs.
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FIGURE 2 | ISGs inhibit BNA-centric processes in replication of BNA viruses. Upon infection, positive-sense single-stranded BNA genomes are directly translated by
host machinery. Following expression of viral replicase proteins, genome replication occurs. However, negative-sense single-stranded RNA viruses bring their own
RNA-dependent RNA polymerase and viral co-factors to transcribe their genomes before the viral mMRNAs can be translated by host machinery for genome
replication. 1ISGs covered in this review are shown to block global or viral translation (RNaseL, 1SG20, ZAP, SHFL) and viral transcription (RBBP6, TRIMs). They can
also inhibit viral replication by degrading cellular and/or viral RNA (RNase L, ISG20, ZAP). TRIMs that inhibit transcription are limited to those mentioned in this review,

OAS/RNASE L: SENSING VIRAL PAMP
TRIGGERS GLOBAL RNA DEGRADATION
AND TRANSLATIONAL ARREST

Degrading viral genomes presents one potent method of antiviral
activity; digesting viral genetic material ensures that no further
steps in replication can occur. However, the challenge lies within
being able to control RNA degradation to ensure cellular survival
or limit destruction within the host. The OAS/RNase L pathway
is activated upon sensing the PAMP of dsRNA, serving two
functions: sensing viral intruders and inhibiting viral replication
by degrading RNA almost indiscriminately, inducing global
translational arrest.

The OAS/RNase L pathway was one of the first ISG antiviral
mechanisms to be identified and elucidated in the 1970s [reviewed
in (61-64)]. Binding to dsRNA activates OAS, which then
synthesizes 2’-5 oligoadenylates (commonly abbreviated as 2-5A)
that in turn activate RNase L to cleave cytoplasmic RNA, thereby
inhibiting viral replication (Figure 3A). Humans possess three
catalytically active OAS genes (OAS1-3) and one inactive gene
(OASL). Each OAS is composed of 1 (OAS1 and OASL), 2 (OAS2),
or 3 (OAS3) basal OAS units (Figure 3A). While only the C-
terminal OAS unit in each protein is catalytically active and

responsible for synthesizing 2-5A, both active and inactive OAS
units can still bind dsRNA. RNase L, present in cellular cytoplasm as
an inactive monomer, forms a catalytically active dimer upon
binding to 2-5A and cleaves RNA in a seemingly indiscriminate
manner. Though OAS1-3 all carry signatures of positive selection,
which is indicative of rapid evolution resulting from host-pathogen
interactions, OASL does not. Furthermore, OASI displays much
stronger signatures than OAS2 or OAS3 (65, 66). RNase L also
carries signatures of positive selection and some of the positively
selected residues are located within the RNA-binding domain (66).
In the past 10 years, great strides have been made in clarifying
dsRNA substrate specificity and 2-5A synthesis activity of
individual OAS isoforms due to the advent of CRISPR-Cas9
gene-editing techniques and generation of OAS knockout cell
lines and mouse models. Moreover, sweeping improvements in
genome-wide RNA-seq and in-depth proteomics have
illuminated new intricacies of OAS/RNase L-mediated
inhibition of viral replication, which we will review here.

OAS1-3: 2-5A Messenger Synthesis

Recent years have not only seen a flurry of biochemical and
structural studies on individual OAS paralogs, which have
advanced understanding of their RNA substrate specificity and
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FIGURE 3 | Activation and dsRNA binding of OAS isoforms. {A) Diagram of how QAS is activated by viral dsRNA and synthesizes 2-5A to activate RNase L. Longer
OAS isoforms are activated by longer dsRNA. Though all are able to synthesize 2-6A, OAS3 2-5A synthesis is necessary and sufficient for RNase L activation.
RNase L exists as inactive free monomers, but dimerizes and activates upon binding to 2-6A and ATP, thereby cleaving RNA. Interestingly, IFN and some I1SG
transcripts are resistant to RNase L cleavage, resulting in preservation of antiviral signaling. (B) Schematic of known human OAS isoforms encoded by OAS genes
QAS1, OAS2, OASS, and OASL. Isoforms marked with * have demonstrated direct antiviral activity. Length of boxes approximates gene length, with different colored
C-terminal boxes representing different coding sequences. Light blue OAS basal units are able to synthesize 2-5A, while dark blue OAS basal units are catalytically
inactive. Most OAS1 isoforms are expressed by either G or A alleles, which differ by the inclusion of a G or A nucleotide at a splice acceptor site. However, OAS1
p41 and p49 have not been attributed to either G or A and are therefore labelled as “unknown.” UBL, Ubiquitin-like domain.

activation, but also of their individual splice variants.
Surprisingly, OAS3 has been identified as the main contributor
to the OAS/RNase L pathway, as OAS3-mediated 2-5A synthesis
has been demonstrated as necessary and sufficient for RNase L
pathway (67).

Though there are four OAS genes in humans, alternative splicing
ofadditional 3’ exons generates 10 different catalytically activeand 4
inactive isoforms (Figure 3B) (62, 68, 69). OAS isoforms can vary
greatly in size and degree of catalytic activity within the same gene
(69). Though OAS1 isoforms differ from each other in their C-
terminal regions, all are able to synthesize 2-5A in vitro after
incubation with poly(I:C), a dsRNA mimetic, with isoforms p42
and p46 expressed more highly in HEK293 cells (69). A yeast two-
hybrid screen for p42 and p4d4, predicted to be expressed by all
humans (70), revealed different binding partners, suggesting that
OAS1 unique C-terminal regions may alter protein-protein
interactions mediating isoform-specific functions (69). In support
of this hypothesis, p46 possesses a CaaX prenylation motif that
causes it to localize to mitochondria, whereas p42 lacks the CaaX
motif and is cytoplasmic (71, 72). This difference in cellular
localization is thought to contribute to their divergent impact on
cellular respiration upon overexpression (72), and could contribute
to their differential antiviral activity.

Genome-wide association studies of 2-5A synthesis activity
revealed the presence of two OAS1 alleles which differ by the
presence of a G or A at a splice acceptor site (70). Individuals
with the G allele have high 2-5A activity and express the OAS1 p46
isoform, whereas individuals with 1-2 copies of the A allele have
significantly lower OAS activity and express the OAS1 p42, p44,
p48, and p52 isoforms (Figure 3B) (70, 73). This G/A single
nucleotide polymorphism is associated with a variety of infectious
diseases, such as the (+) ssSRNA viruses West Nile virus (WNV) and
hepatitis C virus (HCV), in addition to a hepatitis B virus (HBV)-
associated autoimmune disease; wherein the G allele confers
resistance and the A allele is associated with higher risk (74-78).
A comprehensive study of OAS isoform-specific antiviral activity
against dengue virus (DENV) found that out of all catalytically
active isoforms, only OAS1 p42 and p46 and OAS3 p100 were able
to block DENV replication through an RNase L-dependent
mechanism (79). Furthermore, degree of antiviral activity was
positively correlated with amount of RNase L activity, as
measured by 28S and 18S rRNA cleavage, wherein OAS3
inhibited DENV replication more robustly than either
OASI isoform.

This finding of RNase L-dependent antiviral activity of OAS3
was surprising at the time. OAS3 was thought to primarily
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synthesize the minimal dimeric 2-5A molecule, composed solely
of two adenylate groups, which poorly activates RNase L (80, 81).
More recently, it was shown that not only does OAS3 require 3-4
logs lower concentration of dsRNA than OAS1 for 2-5A
synthesis, but it also readily synthesizes 2-5As of 3 or more
linked ATPs both in vive and in vitro {82). Increased OAS3
sensitivity to dsRNA can be explained by its additional,
catalytically inactive OAS units, which retain ability to bind
dsRNA (83). Though catalytically inactive itself, deletion of the
most N-terminal OAS unit in OAS3 (OAS3.DI) nearly abolished
OAS3 catalytic activity and dsRNA binding (83). Given that
OAS3 is thought to adopt an elongated conformation (82},
dsRNA binding by OAS3.DI may determine OAS3 preference
for longer dsRNA substrates, and may explain its greater
dependency on dsRNA length for activation as compared to
OAS1 (83, 84). This could help OAS3 discriminate self from non-
self dsRNA, as long dsRNA is absent from uninfected cells (85).
These studies culminated with the novel finding that OAS3 is the
primary driver of RNase L antiviral activity (67). The replication
of both DNA (vaccinia virus (VV)) and RNA viruses ({(+) ssRNA:
WNV, Sindbis virus (SINV); (-) ssRNA: influenza A virus (IAV))
was tested in OAS1-3 single KO cells. While wild-type WNV and
SINV trigger the OAS/RNase L pathway, wild-type VV and IAV
do not due to their active antagonism of the pathway. Therefore,
mutant VV and TAV strains that lacked viral antagonists were
used. OAS3 KO cells have negligible rRNA degradation and 2-5A
production during both poly(I:C) treatment and viral infection,
in stark contrast to OAST and OAS2 KO cells which had high
rRNA degradation and 2-5A production (67). This generally
correlated with inhibiticn of virion production, as OAS3 and
RNase L single KO cells had significantly higher viral titers than
parental and single OAS1 and OAS2 KO cells for all viruses
tested. These data suggest that OAS3 is both necessary and
sufficient to drive RNase L-dependent antiviral activity against
diverse viruses.

Though OAS3 possesses a dominant role in RNase L-
dependent antiviral activity, more antiviral and cellular roles of
OAS1 and OAS2 are beginning to be elucidated. In fact, OAS1
and OAS2 are responsible for some antiviral activity against
WNYV and SINV, albeit to a lesser extent than OAS3/RNase L
(67). OAS2 was found to inhibit the (+) ssRNA virus Zika virus
(ZIKV) replication through positive regulation of IFN signaling
(86). OAS2 may also play a role in lactation, as it was identified in
a screen for genes with roles in mammary development (87).
Moreover, a novel role for OAS1 and 2-5A synthesis was recently
identified in the context of poly-ADP-ribosylation (PAR) and
DNA damage-induced cell death (83). As part of the DNA
damage response, poly-ADP-ribose polymerase 1 (PARPI)
synthesizes PAR polymers to recruit and modify DNA repair
proteins (89). Upon resolution of the response, PAR products are
hydrolyzed and can trigger apoptosis. ADP-ribose is a known
substrate of OAS (90) and addition of 2-5A linkage onto ADP-
ribose effectively functions as a chain terminator of PARylation
(88). As a result, OASI p42 protects cells from DNA damage-
induced death by reducing PARP1-mediated PARylation. The
absence of OAS1 dramatically increased PAR accumulation

within cells upon H,O, treatment, which was not rescued by a
catalytically inactive OASI mutant (88). These data agree with
the observation that cancer cells resistant to DNA-damaging
therapies frequently highly express OASI1 (91, 92), as it is
hypothesized OAS1 confers resistance to DNA damage-
induced cell death.

RNase L: RNA Degradation and

Global Translational Arrest

Upon activation by 2-5A, ubiquitous RNA degradation by RNase
L simultaneously inhibits many facets of viral replication. Not
only does RNase L activity directly degrade single-stranded
cellular and viral RNAs, but it also promotes apoptosis,
stimulates immune signaling, and induces rapid translational
arrest (61).

Activation of RNase L quickly arrests global translation. This
rapid translational arrest is traditionally attributed to
degradation of transcripts involved in host translation
machinery, as evidenced by degradation of 28S and 185 rRNA
upon RNase L activation. However, closer examination revealed
that at least 50% of 28S rRNA remains and overall tRNA levels
are unchanged at the onset of global translation shut-off,
challenging this prevailing hypothesis (93). Thus, degradation
of translational machinery transcripts cannot explain early
translational arrest (93). Another group presents the
compelling hypothesis that translational arrest results from
almost indiscriminate degradation of cellular RNA by RNase L,
crippling gene expression by depriving ribosomes of substrates
(94). Comparison of mRNA abundance in parental and RNase L
KO A549s revealed reduction in almost all abundant mRNAs in
parental, but not in RNase L KO cells after poly(I:C) stimulation.
However, some mRNAs are resistant to RNase L cleavage, such
as IFN-f. Furthermore, mRNAs that substantially increase in
both parental and RNase L KO cells in response to poly(T:C) are
highly enriched for ISGs such as IFIT2, OAS2, MDAS, and RIG-I,
suggesting that antiviral mRNAs are resistant to RNase L
turnover (94). Determinants of RNase L resistance have yet to
be identified. These data are compatible with the independent
observation that both type I and III IFN are still produced from
seemingly translationally arrested cells (95). Together, these data
support a model in which the rapid translational arrest by the
OAS-RNase L pathway is doubly beneficial to the organism by
both inhibiting viral replication and by permitting antiviral
signaling to inhibit viral spread within the host.

RNase L structural studies have uncovered nuances of RNase
L substrate selectivity. The first near full-length human RNase L
crystal structure allowed for detailed analysis of RNase L
dimerization, substrate recognition, and ribonuclease activity
(96). In agreement with previous studies that found RNase L
cleavage after UU and UA dinucleotides (97), recent structural
analysis suggests that RNase L recognizes and cleaves the pattern
UNAN (N: any nucleotide, A: cleavage site) (96). Two different
RNA-seq approaches have been utilized to identify RNase L
substrates. One approach sequenced RNAs enriched for poly-A-
tails after incubating lysates with either 2-5A or pre-activated
RNase L. Their results suggest that RNase L selectively degrades
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transcripts similar to those regulated by miRNAs, achieving a
redundant outcome of suppression of mammalian cell adhesion
and proliferation (98, 99). In contrast, another approach
capitalized on the characteristic 2°,3"-cyclic phosphate termini
of RNase L cleavage products. They used a 2°,3-cyclic phosphate
RNA-seq analysis in order to identify small RNA cleavage
products (93). Here, it was found that most highly-upregulated
reads map to tRNAs and Y-RNAs. Analysis of these RNAs
revealed site-specific cleavage in both tRNAs and Y-RNAs,
which may be shaped by post-transcriptional modifications.
Interestingly, though cleavage sites of the tRNAs and other Y-
RNAs followed UNAN specificity, the Y-RNA RNY4 was cleaved
at CAMG. This unusual cleavage was not recapitulated in the
absence of cellular proteins, suggesting that RNase L may acquire
site-specificity by recognizing protein/Y-RNA complexes. In this
way, RNase L could require co-factors to determine cleavage
specificity. It is interesting to speculate that putative co-factors
bound to ISG transcripts could also shield cleavage sites to enable
their escape from RNase L recognition.

OASL
Though OASL lacks the ability to synthesize 2-5A and thus to
participate in RNase L-dependent antiviral activity, it is still
potently induced upon IFN stimulation and is also a direct target
of IRF3 (100). OASL is composed of an N-terminal, catalytically
inactive basal OAS unit followed by a tandem ubiquitin-like
domain (UBL) (Figure 3B) (43) and possesses antiviral activity
against several RNA viruses (27, 68, 101, 102). However, OASL
promotes replication of the DNA virus, Kaposi sarcoma
herpesvirus (KSHV) (103). These conflicting data can be
reconciled by the recently uncovered divergent roles of OASL
in both enhancing signaling of the dsRNA sensor RIG-I, thus
inhibiting replication of RNA viruses (104}, and inhibiting
signaling of the cytoplasmic dsDNA sensor cGAS, hence
promoting replication of DNA viruses (105, 106)}. Activation of
RIG-I requires its simultaneous binding to dsRNA and poly-
ubiquitin chains (107). OASL was shown to interact and
colocalize with RIG-I, enhancing RIG-I signaling via its C-
terminal UBL domain which acts as a poly-ubiquitin mimic to
activate RIG-I (104). Furthermore, OASL antiviral activity is
suggested to be completely RIG-1 dependent, as its viral
inhibition is abolished in the absence of RIG-I (104).
Meanwhile, two independent groups simultaneously
identified the role of OASL in suppressing cGAS activity (105,
106). One group took a proteomics-based approach to uncover
c¢GAS interactors in the context of herpesvirus infection,
identifying OASL as a ¢GAS interactor and inhibitor (105).
Another group utilized a targeted approach to assess the role
of OASL during infection with varied DNA viruses, and verified
the importance of OASL in promoting DNA viral replication in
vivo by using a murine model for OASL KO (106). They
observed that OASL deficiency results in increased IFN
induction and reduced viral titers (106). Both groups found
that the OAS-like domain is responsible for interacting with
c¢GAS and that OASL-cGAS interaction is independent of cGAS
DNA binding (105, 106). Enzyme inhibition kinetics
experiments with OASL, cGAS, and the c¢GAS substrates ATP

and GTP showed that OASL non-competitively inhibits cGAS
production of its signaling molecule, cGAMP (106).

The OAS/RNase L pathway effectively inhibits viral
replication by linking viral sensing to global inhibition of
cellular processes. Widespread RNA degradation by activated
RNase L globally not only arrests translation, preventing viruses
from synthesizing new proteins, but also still allows for IFNs and
several ISGs to be translated, promoting the establishment of an
antiviral environment. Furthermore, the catalytically inactive
OASL functions as a double-edged sword in its modulation of
innate immune signaling, simultaneously inhibiting replication
of RNA viruses while enhancing replication of DNA viruses.

MULTIFACETED RNA-DEPENDENT
ANTIVIRAL MECHANISMS: FROM
TARGETED VIRAL RNA DEGRADATION
TO TRANSLATION INHIBITION

The following three ISGs are like the OAS/RNase L pathway in
inhibiting viral translation, but dissimilar in their mechanism of
inhibition. While the OAS/RNase L pathway employs global
translation inhibition, ISG20, ZAP, and SHFL target specific
RNA substrates. Furthermore, both 1SG20 and ZAP have been
shown to directly or indirectly degrade viral RNA, but their RNA
degradation differs from OAS/RNase L in two major ways. They
target specific viral RNA substrates for degradation, and this
activity is independent of their inhibition of viral translation. The
multiple, diverse, independent antiviral mechanisms of ISG20,
ZAP, and SHFL can be explained through their recruitment of
different co-factors, which this section will explore in depth.

I1ISG20

Antiviral activity of ISG20 has been attributed to two distinct
mechanisms so far: degradation of viral RNA and translation
inhibition, which can be direct or indirect. ISG20 was first
identified as upregulated in response to IFN over 20 years ago
(108). ISG20 is expressed in both the cell nucleus and cytoplasm,
and is part of the DEDDh subgroup of the larger 3" to 5 DEDD
exonuclease superfamily, which possesses a large exonuclease
domain (EXO III domain) of about 150 amino acids that can
confer DNase and/or RNase activity. The EXO III domain is
characterized by three distinct exonuclease motifs defined by four
invariant amino acids which lend this superfamily its name: three
aspartate (D) and one glutamate (E) residue (109). The DEDDh
subgroup also includes a conserved histidine residue. DEDDh
exonucleases share a conserved fold and active site but have
divergent substrate-binding sites, allowing them to recognize
and thus degrade different substrates. Biochemical studies have
shown that ISG20 degrades both ssRNA and DNA, with higher
nuclease activity against RNA substrates (110).

Because 15G20 is a 3" to 5° RNA exonuclease, it has long been
thought that ISG20 antiviral activity results primarily from
degradation of viral RNA. In line with this hypothesis, ISG20
has been shown to exhibit antiviral activity primarily against
RNA viruses (111), Overexpression and knockdown experiments
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show that ISG20 widely suppresses viral replication of diverse (+)
ssRNA viruses from Togaviridae (SINV), Flaviviridae (yellow
fever virus (YFV), WNV, HCV), Picornaviridae
(encephalomyocarditis virus, hepatitis A virus), and (-) ssRNA
viruses from Rhabdoviridae (vesicular stomatitis virus (VSV)),
Orthomyxoviridae (IAV), and Bunyaviridae (111, 112). ISG20
also inhibits human immunodeficiency virus-1 (HIV-1) and
HBV, a DNA virus with an RNA replicative intermediate (36,
37, 113-115). However, ISG20 does not display pan-antiviral
activity, as it fails to inhibit severe acute respiratory syndrome
coronavirus (SARS-CoV), a member of the (+) ssRNA virus
family Coronaviridae (38), and adenovirus, a DNA virus (111}.
The hypothesis that ISG20 degrades viral RNA is supported by
reduced expression of various viral mRNAs and replicons in the
presence of catalytically active, but not catalytically inactive
18G20 (36, 111, 112, 116).

One long-standing question has been how ISG20 selectively
degrades RNA, given that ISG20 does not have any apparent
regulatory domains and that its overexpression does not
decimate cellular RNA. It is thought that ISG20 may interact
with cellular co-factors, supported by its cell-type specific
inhibition of YFV (38). The cellular N® methyladenosine
(m°A) pathway has been linked to ISG20 antiviral activity in
the context of HBV infection. Briefly, m®A is the most common
reversible post-transcriptional modification that occurs on
cellular RNAs. The m®A pathway involves three primary types
of proteins—writers, erasers, and readers—which respectively
add, remove, and bind m®A (117). Readers affect stability,

translation, and localization of m®A mRNA (117). One main
group of m°®A readers is the YTI'521-B homology (YTH) domain-
containing proteins. The cytoplasmic YTH members (YTHDFI-
3) were recently found to play redundant roles in mediating
degradation of m®A-mRNAs (118). HBV transcripts are
methylated within the epsilon stem-loop structure (€), which is
present at the 3’ end of all HBV RNAs and repeated twice in the
pregenomic RNA (pgRNA) (37). The HBV polymerase binds the
5 ¢ in pgRNA to initiate packaging and reverse transcription.
ISG20 was shown to inhibit HBV replication by binding to €
(115). Furthermore, € contains a conserved m®A consensus
sequence that negatively regulates HBV RNA stability in a
YTHDEF2-dependent manner (119). It was then demonstrated
that YTHDF2 and ISG20 interact in an HBV-independent
manner and that depletion of YITHDF2 abolishes IFN-
dependent HBV RNA degradation (37). They propose that
m®A modification of ¢ is recognized by YTHDEF2, which then
recruits 1SG20 to target HBV pgRNA for RNA degradation
(Figure 4A). Based on these data, YTHDF2 was identified as
an essential ISG20 co-factor, marking the first time any group
has identified a regulator of ISG20 substrate specificity.

Still, the role of RNA degradation in ISG20 antiviral activity
remains open for debate. Multiple studies have shown that ISG20
overexpression inhibits viral replication in an exonuclease-
dependent manner, and several have observed a corresponding
decrease in viral RNA (38, 111-113, 120). Moreover, most
studies on ISG20 have utilized the catalytically inactive mutant
D94G (110) to support the hypothesis that ISG20 exonuclease
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FIGURE 4 | ISGs work with co-factors in varied ways to inhibit viral replication through diverse mechanisms. (A) YTHDF2 recognizes m°A methylation on the ¢ in
HBV RNA transcripts, recruiting catalytic ISG20 to degrade HBV RNA. (B) ZAP recruits TRIM25 to ubiquitinate other host proteins, which may alter their native
cellular or viral-associated activities in order to inhibit viral translation. {C) ZAP recognizes CG motifs in viral RNA and forms a complex with TRIM25 and the
endonuclease KHNYN, which then putatively cleaves ZAP-bound RNA. (D) SHFL inhibits DENV replication by interacting with the viral RNA 3'UTR binding proteins
PABPC1 and LARP1 and potentially inhibiting recruitment of further translation machinery.
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activity is required for antiviral activity (38, 111-113, 116, 120,
121). 'This invariant residue is crucial to 1SG20 structure as it
helps coordinate an Mn** ion in the active site (122). Tt is
unknown what other deleterious effects D94G may have on the
overall structure of ISG20. One group mutated all Asp residues in
the DEDDh catalytic motif to Gly (D11G, D94G, and D154G)
and found that while all three mutations abolished exonuclease
activity, only D11G and D94G also lost antiviral activity against
HBV. Surprisingly, the exonuclease-deficient 1SG20-D154G was
still able to inhibit HBV replication (36). This suggests that
ISG20 possesses both exonuclease-dependent and -independent
antiviral activities.

Recently, two groups have independently found that ISG20
mediates antiviral activity through translation inhibition and not
RNA degradation, but propose two divergent mechanisms (121,
123). One group proposes that ISG20-mediated translation
inhibition is indirect, mediated through 1SG20-dependent
upregulation of other ISGs (123). They found that overexpression
of ISG20 upregulates expression of many IRF3-dependent genes in
mouse embryonic fibroblasts, such as IFIT1, an ISG that inhibits
translation of viral RNA with non-2’O-methylated 5 caps (124).
Furthermore, they showed that mutant alphavirus normally
recognized and attenuated by IFIT1 is equally virulent as the
wild-type virus in the absence of ISG20 in vivo, suggesting that
1SG20 inhibits translation by promoting IFIT1 expression (123). On
the contrary, the second group proposes that 1SG20 is critical for
discrimination of non-self nucleic acids from self to inhibit viral
translation (121). By examining luciferase reporter activity, they
found that ISG20 inhibited translation for all exogenous DNA of
both viral and host origins. However, when a CMV-GFP cassette
was integrated into the host genome, 1SG20 failed to inhibit GFP
produced from this context as it did when the identical cassette was
transfected into the same cells. They also generated a series of
mutants outside of the invariant DEDD residues to explore how
non-exonuclease regions impact ISG20 antiviral activity. Notably,
mutations predicted to affect phosphorylation and cellular
trafficking but not exonuclease activity still lose antiviral activity
against VSV. This loss of antiviral activity correlates with inability
to inhibit translation of non-self nucleic acids. Contrary to previous
findings, the second group did not find that ISG20 induces
IFIT1 expression in HEK293T or U937 cells. They propose
instead that ISG20 recruits foreign RNA to P bodies, sites of RNA
storage, where translation is repressed in the absence of RNA
degradation (121).

Allinall, ISG20 effectively inhibits viral replication by degrading
or inhibiting translation of specific RNAs. ISG20 co-opts the cellular
méA pathway component, YTHDEF2, to recognize and target
modified HBV RNA (37). ISG co-factors such as IFIT1 may also
be required in ISG20 translation inhibition, as 1SG20 does not
globally arrest translation like the OAS/RNase L pathway, but rather
specifically targets non-self transcripts.

ZAP
ZAP, encoded by the gene ZC3HAVI, is a potent antiviral factor
which broadly inhibits replication of HIV-1 (Retroviridae), HBV

(Hepadnaviridae), the (-) ssRNA viruses Ebola virus (EBOV,
Filoviridae) and IAV (Orthomyxoviridae), and (+) ssRNA viruses
such as alphaviruses (Togaviridae), coxsackievirus B3 (CVB3,
Picornaviridae), and Japanese encephalitis virus (JEV,
Flaviviridae) (125-132). ZAP antiviral activity can be selective
within viral families and genera, as not all flaviviruses and
picornaviruses tested are sensitive to ZAP (126, 131). It also post-
transcriptionally regulates expression of cellular mRNA (133) and
restricts retrotransposition of human retrotransposons (134, 135).
ZAP possesses four N-terminal zinc fingers (136) that directly bind
to viral RNA, are required for antiviral activity, and dictate its
mostly cytoplasmic and stress granule localization (134, 137-139).
Phosphorylation of this minimal antiviral N-terminal region by
glycogen synthase kinase 3f3 enhances ZAP antiviral activity, though
its mechanistic contribution remains unclear (140). Alternative
splicing results in multiple splice variants which differ from one
another in expression, localization, and antiviral activity. ZAP is also
known as PARP13, due to poly-ADP-polymerase 13 (PARP13)}, due
to the inclusion of a catalytically inactive C-terminal PARP-like
domain in its long splice variant (ZAPL). In addition to a short
splice variant that lacks this C-terminal domain (ZAPS}, alternative
splicing of a 121 aa extension of exon 4 results in two additional
splice variants ZAPM and ZAPXL, whose antiviral activities are
similar to ZAPS and ZAPL, respectively (141).

ZAP targets viruses primarily by two distinct antiviral
mechanisms, namely viral translation inhibition (for the (+)
ssRNA viruses SINV and JEV) and viral RNA degradation (for
HIV-1,HBV, the (-} ssRNA virus EBOV, and the (+) ssRNA viruses
CVB3 and JEV). These disparate mechanisms can be explained in
part by recruitment of co-factors and differing viral contexts. ZAP
inhibition of SINV translation has been linked to its disruption of
the interaction between translation initiation factors eIF4A and
elF4G (142). This disruption does not affect global translation
seeing as polysome profiles were unchanged when ZAP was
overexpressed (142). ZAP is also able to repress translation of a
luciferase reporter containing the minimal ZAP responsive
fragment in the SINV genome without promoting degradation of
the reporter (142). More recently, the E3 ligase tripartite motif-
containing protein 25 (TRIM25) was uncovered as a novel ZAP co-
factor in the context of alphavirus infection (47, 143). TRIM25 is
absolutely required for inhibition of viral translation by ZAP, as
ZAP is unable to inhibit translation of a replication-deficient
reporter virus in TRIM25-deficient cells (47). Not only is
TRIM25 putatively required for ZAP recognition of its RNA
substrates, as TRIM25 knockdown decreases ZAP association
with luciferase reporter RNA, but also TRIM25 ubiquitin ligase
activity is essential for ZAP antiviral activity (47, 143). Curiously,
though TRIM25 ubiquitinates ZAP, TRIM25 still contributes to
ZAP antiviral activity in the presence of a ubiquitination-deficient
ZAP mutant (47), suggesting that TRIM25-mediated
ubiquitination of host factors other than ZAP is critical for the
inhibitory effects (Figure 4B). Moreover, it is likely that K63-linked
ubiquitination is required for ZAP antiviral activity, as
overexpression of a ubiquitin K63R mutant unable to form K63
linkages reduces ZAP inhibition of SINV replication (143). The
identity of these TRIM25 substrates that function in ZAP antiviral

174



Yang and Li

1SGs Inhibit Viral RNA Processes

activity remains to be discovered, as does how they contribute to
viral translation suppression.

Apart from inhibiting viral translation, ZAP also induces viral
RNA degradation by recruiting an array of RNA helicases, the
endonuclease KHNYN, and exosome components (144-147). ZAP
selectively affects cellular transcripts, as it destabilizes the TRATLR4
mRNA and inhibits retrotransposition of endogenous
retroelements such as Long INterspersed Element-1 (LINE-1)
and Alu (133, 134). ZAP substrate specificity determinants largely
remained a mystery until it was demonstrated to inhibit HIV-1 with
synonymous, elevated CG dinucleotide mutations (HIV©®) but not
wild-type HIV-1 (148). Interestingly, only elevation of CG
dinucleotides in the 5 third of the HIV-1 envelope gene caused
ZAP susceptibility (149). Solving the crystal structure of ZAP in
complex with CG-rich RNA revealed that ZAP has a CG-
dinucleotide specific binding pocket and binds to ss nucleic acids
(150, 151). ZAP preference for CG-rich substrates could explain in
part why many RNA viruses infecting mammals and other
vertebrates, such as 1AV and SARS-CoV-2, exhibit CG
suppression (152-155). ZAP can even sense CG dinucleotides
within individual RNA transcripts of DNA viruses, as in the case
of human cytomegalovirus (156). Here, CG suppression within the
major immediate early transcript 1 confers ZAP resistance (156).
However, CG suppression does not always confer resistance to ZAP
as in the case of SARS-CoV-2 (154). Though initially identified in
the context of translation inhibition, ZAP was also shown to form a
complex with TRIM25 and the endonuclease KHNYN to inhibit
HIV®® (Figure 4C) and knockdown of KHNYN abolished HIV“©
sensitivity to ZAP (147).

All three ZAP antiviral activities of CG dinucleotide sensing,
RNA degradation, and translation inhibition were linked in the
context of JEV infection, wherein ZAP bound CG-rich regions of
JEV RNA and inhibited translation at early time points without
RNA degradation, and degraded RNA in an exosome-dependent
manner at later time points of a JEV replicon (131). Therefore,
ZAP can block viral translation in the context of alphavirus
infection, target viral RNA for degradation in the context of
retrovirus infection, and do both in the context of JEV infection.

To complicate matters further, ZAP splice variants also display
differences in antiviral activity. ZAPL is more antiviral than ZAPS
(141, 157). This boost to antiviral activity is attributed to its PARP-
like domain. Not only does the PARP-like domain carry signatures
of positive selection (157), but it also has a prenylation motif that
targets ZAPL to endolysosomes (158, 159). Addition of this
prenylation motif to ZAPS increases its antiviral activity, though
not to the same extent as ZAPL (159). Curiously enough, ZAPL’s
catalytically dead PARP triad motif is required for its antiviral
activity; its replacement with the canonical active PARP motif
abolishes ZAPL antiviral activity, though it remains unclear how
this inactive motif is required (160). Furthermore, ZAPL is
constitutively expressed in cells, while ZAPS expression is
induced by innate immune signaling (141, 159). Studies conflict
as to how ZAPS contributes to innate immune signaling. Though
one group showed that ZAPS stimulates RIG-1 dependent IFN
response upon stimulation with a RIG-I RNA agonist (161), others
found that ZAP mediates a RIG-I-independent antiviral response to

retroviruses and HBV (128, 162, 163). More recently, ZAPS was
shown to negatively regulate the type I [FN response by binding to
and stimulating the degradation of IFN mRNAs; ZAP-deficient
Huh?7 cells had a higher and more prolonged IFN response upon
treatment with a RIG-Tagonist (159). On the other hand, ZAPS was
found to synergize with other ISGs, wherein 31 TISGs have a
statistically significant increase in antiviral activity in the presence
of ZAP (32}. In addition to its role as a co-factor in ZAP translation
inhibition and CG sensing, TRIM25 may also modulate expression
of ZAP isoforms by regulating alternative splicing, wherein
TRIM25 is required for efficient expression of ZAPS (156).

All in all, ZAP inhibition of viral replication layers in
complexity through its diverse mechanisms of translation
inhibition and RNA degradation, recruitment of varied co-
factors, and further differences between splice variants. The
differing C-termini, expression kinetics, and cellular
localization between splice variants could facilitate recruitment
of divergent co-factors to enable different antiviral roles. As the
PARP-like domain of ZAPL lacks any catalytic activity, it likely
acts as an interaction domain to recruit specific co-factors that
might be ADP-ribosylated to effect the RNA-centric antiviral
mechanisms of ZAP.

SHFL

SHFL, variously referred to as Cl9orfe6, RyDEN, IRAV, or
FLJ11286, is a 291 amino acid protein that is predicted to consist
of eight a-helices and seven 3-strands and possess both a nuclear
export and localization signal, a zinc-ribbon domain, and a coiled-
coil motif (164). SHEL binds nucleic acids and shows greater
preference for ss nucleic acids and for RNA over DNA via
fluorescence polarization assays (165). No catalytic activity is
currently attributed to SHFL.

In uninfected cells, SHFL resides primarily in the cytoplasm in
punctate structures, associating with both stress granule and P body
proteins in HEK293 and Huh7.5 cells (165, 166), but was also more
recently identified as an antiviral effector counteracting replication
of RNA viruses (27, 28, 164, 167). For example, SHFL broadly
inhibits replication of members of the (+) ssRNA virus family
Flaviviridae, including all four DENV serotypes, WNV, ZIKV, and
HCV (164-166, 168). SHFL also inhibits the virion production of
chikungunya virus and SINV, members of the (+) ssRNA virus
family Togaviridae. However, SHFL selectively inhibits members of
another (+) ssRNA family, Picornaviridae, inhibiting replication of
encephalomyocarditis virus but not poliovirus or enterovirus 71
(164, 165). SHFL selective inhibition also extends to DNA viruses, as
its overexpression inhibits virion production of Adenoviridae
member human adenovirus type 3, and Herpesviridae members
KSHV and herpes simplex virus-1 (HSV-1), but not HSV-2
(164, 169).

A recently proposed mechanism for SHFL antiviral activity is
suppression of viral translation. In line with this hypothesis, SHFL
associates specifically with DENV RNA (164) and co-
immunoprecipitates with other RNA-binding proteins that bind to
mRNA 3’ UT'Rs such as PABPCI1, LARP1, MOV10, and UPF1 (164,
165). Given that PABPCI is critical for translation, overexpression of
SHFL suppresses translation of a DENV replication-deficient
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luciferase reporter (164). Co-immunoprecipitation and
immunofluorescence techniques were used to show that SHFL
interacts with MOV10 and UPF1 even in the presence of RNase A,
though the interaction was diminished (165). Tt is likely that SHFL
mediates viral translation inhibition by interacting with the viral RNA
3UTR binding proteins such as PABPC1 and LARPI to block
recruitment of further translation machinery (Figure 4D).

A separate, better characterized mechanism that SHFL
utilizes to block viral translation is its broad inhibition of -1
programmed ribosomal frameshifting (-1PRF} which is crucial
for many viruses to control protein expression levels (54). SHEL
inhibits HIV-1 replication by altering the Gag to Gag-Pol protein
ratio via inhibition of -1PRF, wherein knockdown of SHFL
results in increased Gag-Pol expression without obviously
altering either Gag or capsid expression (54). Noticeably, these
data are in agreement with previous findings of unchanged p24
levels upon SHFL overexpression, which were originally
interpreted as evidence that HIV-1 is not inhibited by SHFL
(164). SHFL was also demonstrated to inhibit both viral and
cellular mRNAs -1PRF signals in the context of a dual luciferase
reporter construct (54), It is important to note that overall
cellular translation and protein expression and ISG expression
are unchanged in the presence of SHFL overexpression or
knockdown in Huh7.5 cells (166), supporting the notion that
SHFL antiviral activity is not due to modulating ISG expression
or alteration of global translation (166).

However, SHFL may also act on some viruses independent of
its direct effects on viral translation. For example, SHFL
associates with the flavivirus replication complex in both
DENV and ZIKV infections and interacts specifically with
nonstructural protein 3 (NS3) in an RNA-independent manner
(165, 168). By doing so, SHFL induces lysosomal-mediated
degradation of NS3 in ZIKV-infected cells. SHEL is thought to
inhibit HCV replication by interfering with the HCV-induced
remodeling of the ER, which generates a membranous web that
scaffolds assembly of viral replication complexes (166).

Taken together, SHFL inhibits viral replication by regulating
translation through -1PRF-dependent and independent
mechanisms and by specific antagonism of viral proteins and
structures. SHEL displays both RNA-independent and
-dependent interactions with other proteins, relying on RNA
for its interaction with cellular RNA helicases MOV10 and UPF1
while interacting with flavivirus NS3 in the absence of RNA.
These varied requirements for protein-protein interactions may
reflect SHFL’s diverse antiviral mechanisms.

RING IN VIRAL TRANSCRIPTION:
UBIQUITIN LIGASE-DEPENDENT
AND -INDEPENDENT INHIBITION

The really interesting new gene (RING) proteins are the most
abundant family of E3 ligases, characterized by their N-terminal
catalytic RING domain. E3 ligases occupy the final step in cellular
ubiquitination. Ubiquitination of a protein can alter its cellular
fate depending on the type of linkage, ranging from proteasomal

degradation to scaffold formation for assembly of cellular
signaling complexes (170). In order for ubiquitin to be ligated
to an acceptor lysine, it must be sequentially activated by the E1
enzyme, carried by the E2 conjugating enzyme, and finally ligated
to an acceptor lysine by one of over 600 human E3 ligases. Though
many of the antiviral effectors mentioned in this section have
other known cellular and antiviral roles, this section will focus on
how TEN-inducible RING ligases inhibit viral transcription by
both ligase-dependent and -independent mechanisms.

RBBP6: Ligase-Independent Viral Mimicry
Retinoblastoma binding protein 6 (RBBP6)} is a RING E3 ligase that
inhibits transcription of the (-) ssRNA virus EBOV (Filoviridae)
(53). RBBP6 was identified in an affinity-purification mass
spectrometry screen to map host-EBOV protein-protein
interactions as the most robust host interactor with the EBOV
transcription regulator viral protein 30 (VP30) (53). RBBP6
competes with the EBOV nucleoprotein for binding to VP30 in
an RNA-independent manner; the minimal RBBP6 interaction
motif is sufficient to inhibit viral transcription, demonstrating a
ligase-independent antiviral mechanism for RBBP6 (53). However,
full-length RBBP6 causes dose-dependent decrease of VP30 protein
ina manner dependent on the RBBP6- VP30 interaction, potentially
suggesting a ligase-dependent antiviral mechanism (53). Curiously,
RBBP6 also causes a dose-dependent decrease of VP30 mRNA
independent of RBBP6-VP30 interaction. This suggests that RBBP6
either degrades VP30 mRNA through an uncharacterized
exonuclease domain or recruits co-factor(s) that possess
exonuclease activity (53). Knockdown of RBBP6 enhances EBOV
RNA synthesis and replication. Taken together, these results suggest
that RBBP6 inhibits EBOV replication through a three-pronged
approach, and that both ligase-dependent and -independent
antiviral mechanisms and exonuclease-dependent mechanism
may be waiting to be further characterized.

TRIMming Viral Transcription

The tripartite motif containing proteins (TRIM) are the largest
group of RING E3 ligases and constitute an important family of
proteins in the type I TEN response (171, 172). There are over 70
human TRIM proteins, many of which are induced by type I IFN
(171, 173). Interestingly, the rapid expansion of the TRIM family
coincides with the development of adaptive immunity,
suggesting that TRIMs may have evolved to play a role in
immune regulation (171). These proteins typically possess
three conserved domains at the N-terminus—a catalytic RING
domain, one to two B-box domains that are thought to function
in higher order oligomerization, and a coiled-coil domain that
allows TRIMs to dimerize and potentially oligomerize (174).
Most TRIMs directly inhibit viral replication by targeting viral
components for degradation, or indirectly inhibit by modulating
innate immune signaling (175, 176).

Multiple TRIM members have been found to inhibit viral
transcription via both ligase-dependent and -independent
mechanisms. TRIM22 does both, though its ligase activity is
required to inhibit HBV transcription, it inhibits HIV-1
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transcription independent of its ligase activity (177-179). TRIM22
inhibits HBV core promoter activity, which is critical for HBV
pgRNA synthesis and hence viral transcription and reverse
transcription (177, 180). A single point mutation in its RING
domain abolishes its inhibition of viral replication, strongly
implicating ligase activity in anti-HBV effects of TRIM22 (177).
Meanwhile, TRIM22 inhibits HIV-1 basal transcription
independent of its ligase activity by indirectly preventing the
transcription factor specific protein 1 (Sp1) from binding to the
HIV-1 promoter, thus facilitating HIV-1 latency (181, 182). As
TRIM22 neither directly interacts with Sp1 nor binds to the HIV-1
promoter, it is possible that TRIM22 recruits another co-factor to
alter chromatin state or stimulate Spl post-translational
modification (181). Two independent TRIMs inhibit IAV
transcription, a (-) ssRNA virus. TRIM32 depends on its ligase
activity, ubiquitinating the core component of the JAV RNA
polymerase complex and targeting it for degradation,
subsequently reducing polymerase activity (57). On the other
hand, TRIM25 restricts IAV RNA synthesis in a ligase-
independent manner by binding to viral ribonucleoproteins and
blocking RNA chain elongation (56).

TRIM69 is a more recently identified ISG and antiviral effector
that shares high homology with TRIM25. Recently, two
independent groups found that TRIM69 inhibits replication of
the Indiana strain of VSV (VSV ), a (-) ssRNA virus, in ligase-
independent manner (58, 59). Both groups identified TRIM69
through targeted screens using complementary approaches, either
overexpressing an array of known ISGs or knocking down VSV-
induced host genes (58). In addition, both groups found that
TRIM69 inhibition of VSV is highly specific, as overexpression of
TRIM69 fails to inhibit the New Jersey strain of VSV (VSVyy) or
other negative-strand RNA viruses such as SeV, rabies virus, or IAV
(58, 59). VSV inp sensitivity to TRIM69 was mapped to a short
peptide sequence within the viral phosphoprotein P by serial
passaging VSV yp in the presence of TRIM69 overexpression and
sequencing escape mutants (58, 59). VSVy; differs from VSV at
five out of six amino acids within this TRIM69 P sensitivity
determinant, potentially explaining differential resistance between
VSV strains. TRIM69 physically associates with VSV yp P but does
not require its ligase activity or target it for degradation. Instead,
TRIM69-inhibition of VSViyp requires its multimerization in
order to sequester VSVyyp P into filamentous structures, thus
disrupting viral replication machinery.

To summarize, RING E3 ligases combat viral transcription in
myriad ways. Many do not rely on their ligase activity to inhibit
transcription by directly binding to components of viral
transcription machinery to inhibit protein-protein interactions,
such as RBBP6, TRIM25, and TRIMG9. Others ubiquitinate viral
components to target them for degradation, such as TRIM22
and TRIM32.

DISCUSSION

Inhibition of viral replication by ISGs grows more nuanced as
every new study promises to uncover new facets of antiviral or

pro-viral activity. Even well-characterized ISGs such as OAS/
RNase L, ISG20, and ZAP have had new aspects of their antiviral
mechanisms come to light in recent years. RNA viruses present a
plethora of unique viral RNA processes that host cells can
identify and inhibit. They rely on their own viral RNA-
dependent RNA polymerases to transcribe and replicate
genomic RNA, generating dsRNA intermediates that host cells
recognize as foreign. Each RNA-centric antiviral mechanism
mentioned in this review affords specific advantages and
disadvantages. Blocking viral translation is especially effective
against positive-stranded RNA viruses, which must translate
their incoming genomes before any further steps in viral
replication can occur. Likewise, inhibiting viral transcription is
especially effective against negative-stranded RNA viruses, which
prioritize transcribing their genomes upon entry. While
degrading genomes outright appears to be the most
straightforward and universal way to inhibit replication of
RNA viruses, RNA degradation presents its own set of
challenges of distinguishing foreign from self RNA. In the case
of OAS/RNase L, dsRNA sensing by OAS leads to virtually
indiscriminate degradation of viral and host RNAs, curtailing
viral replication but also killing the infected cell. Some especially
pathogenic viruses such as Middle East respiratory syndrome
coronavirus (MERS-CoV) circumvent RNA degradation by
enzymatically degrading 2-5A, thus preventing RNase L
activation (183). Meanwhile, other ISGs, such as ZAP,
recognize specific motifs in the viral genome distinct from host
genomes so only viral RNA is selectively targeted. However, ZAP
specificity for CG dinucleotides may have driven selection
against high CG content in RNA viral genomes, thus
potentially rendering ZAP ineffective (152, 153).

The perpetual arms race between antiviral effectors and
viruses has likely driven the development of multilayered
mechanisms of viral inhibition. Some individual ISGs have
acquired multiple antiviral mechanisms, enabling them to
circumvent viral evasion. For example, ZAP is still able to
inhibit replication of SARS-CoV-2, a positive-sense ssRNA
virus with highly suppressed CG content (154). This suggests
that ZAP inhibits SARS-CoV-2 not by CG sensing alone and that
there are likely additional sequence or structural motifs that are
recognized and targeted by ZAP. Another way ISGs may prevent
viral evasion is through the use of co-factors, which could
function as a natural “antiviral cocktail” (Figure 4). By using
co-factors, host cells employ a multipronged attack on viral
replication that could help minimize evasion by RNA viruses.
ISGs that work in concert to recognize specific viral RNA motifs
could make it difficult for viruses to simultaneously mutate all
recognizable motifs in their genomes. Though it is known that
TRIM25 functions as a ZAP co-factor (47, 143), that both
TRIM25 and ZAP bind RNA (48, 139, 184, 185), and that
RNA binding is crucial for their antiviral activity (136, 185), it
remains unexplored whether TRIM25 and ZAP work together to
recognize viral RNA substrates or motifs or both. TRIM25 and
ZAP putative cooperation in viral recognition could help explain
why many alphaviruses have not acquired ZAP resistance and
remain acutely sensitive to its inhibition (126, 141).
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In-depth characterization of ISG antiviral mechanisms and
methods of viral evasion has been facilitated by rapid expansion
of CRISPR-Cas technologies. For example, identification of
OAS3 as necessary and sufficient for RNase L activation was
enabled by generation of single OAS KO cell lines (67). CRISPR-
Cas technologies have also enabled the discovery and
interrogation of functions of novel 18Gs and their splice
variants or polymorphisms (186). Genome-wide CRISPR-Cas9
KO and targeted ISG overexpression screens have been used to
great effect, identifying novel host factors and highlighting
important antiviral ISGs to characterize [reviewed in (20)].
One exciting new avenue for RNA-centric ISG identification
lies at the intersection of chemical biology. Generation of
nucleotide analogs that can be incorporated into RNA, cross-
linked to proximally bound proteins, and immunoprecipitated
for subsequent proteomic analysis enables the identification of
novel RNA-binding proteins (187). Variations on this approach
have been used several times in the context of positive-sense
RNA virus infections by Togaviridae and Flaviviridae family
members to elucidate new host-virus interactions (49, 188-190).
It is not always feasible to target host factors required for viral
replication, since these host factors may also be essential for cell
survival. Furthermore, overexpression of any given protein may
vield false phenotypes that are not biologically relevant. In
contrast, in situ labeling and identification of endogenous
RNA-binding proteins offers a more specific and minimally
disruptive approach with fewer effects on cell viability. Cross-
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MATERIALS AND METHODS
Generation of ZAP shRNA lentiviruses

ZC3HAVI lentiviral shRNAs in pGIPZ (Dharmacon; Appendix 2, Table 1) were generously
provided by Dr. Robert Damoiseaux at the UCLA Molecular Screening Shared Resource facilities.
293T LentiX (Takara Bio) were seeded at 4 x 10° cells/well in a 6 well plate in 10% FBS DMEM.
Media was changed 1 day post-seeding to 1 mL/well of pseudoparticle media (DMEM, 3% FBS,
I1XNEAA) and transfected with 800 ng HIV gag-Pol, 200 ng VSV-G, and 1 pg ZC3HAV1 shRNA in
pGIPZ using X-tremeGene9 (Roche Life Science). At 6 hours post-transfection, media was changed
to 1.5 mL pseudoparticle media. Supernatant was collected 48 hours post-transfection. Polybrene
(final concentration 4 pg/mL) and HEPES (final concentration 20 mM) were added to the supernatant
before spinning down cell debris at 1500 rpm for 5 min, 4°C. Pseudoparticle-containing supernatant

was aliquoted into 3 tubes at 500 pL per tube and stored at -80 "C.

Generation of ZAP shRNA cell lines

TRIM25 KO 293T cells were seeded in a poly-L-lysine coated 6 well plate at 4 x 10° cells/well
in 1 mL 3% FBS DMEM, 1XNEAA, 20mM HEPES, 4 pg/mL polybrene. One day post-seeding, 1
mL of ZC3HAVI shRNA lentivirus was added to each well, and parafilmed plates were “spin-oculated”
at 1500 rpm for 1 hour at 37°C in a pre-heated centrifuge (spun at 3000 rpm for 1 hour at 37°C).
Media was replaced with 10% FBS DMEM 6 hours post transduction. One day post-transduction,
each well was re-seeded into a T25 for optimized confluency of 50-60% the following day to allow for

efficient puromycin treatment at 1 pg/mL. ZAP shRNA efficiency was assessed via western blot

(Appendix 2, Figure 1A). Efficacy of ZAP knockdown (KD) was further assessed via infection with
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Toto1101/Luc (Appendix 2, Figure 1B). These combined results led to our selection of ZAP shRNA
#7 for transduction of TRIM25 inducible cell lines, given it achieved the most robust knockdown and

the highest rescue of viral replication (Appendix 2, Figure 1A-B).

Because the TRIM25 inducible cell lines already included puromycin as a selection marker
from the ePB transposon, we were unable to select for pure populations of ZAP shRNA transduced
cells with puromycin treatment. Therefore, we utilized GFP sorting through the UCLA Flow
Cytometry Core Laboratory at UCLA, generating GFP" and GFP" cell lines (Appendix 2, Figure 1C).
The resultant cell lines were analyzed via western blot to confirm ZAP KD (Appendix 2, Figure 1D)
and further characterized via Toto1101/Luc infection, wherein we saw that the TRIM25 inducible
GFP" cell lines exhibited comparable levels of viral replication to ZAP KO 293T cells, and that the

GFP" cell lines exhibited an intermediate phenotype (Appendix 2, Figure 1E).

Analysis of ZAP-dependent TRIM25 interactors

See Chapter 2: Materials and Methods for detailed methods on mass spectrometry protocol
and analyses. TRIM25 interactors were classified as either Log2FC>2 and Pvalue<0.05, or iLog2FC >

2 and iPvalue<0.05. If both Log2FC and iLog2FC values were present, the Log2FC value and Pvalue

were used.
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Appendix 2, Table 1. ZC3HAVI shRNA sequences.

Sense sequence (and its complement) is underlined and bracketed with parentheses in the full hairpin
sequence.

Q%SN‘L? vi Target  Fullhairpin sequence Sense sequence
Exon 4-5 TGCTGTTGACAGTGAGCGCG(CACTTGTTAACGATTC
1 junction TTTATAGTGAAGCCACAGATGTATIAAAGAATCGTTAA CACTTGTTAACGATTCTTT
CAAGTG)ICTTGCCTACTGCCTCGGA
Exon 1.2 TGCTGTTGACAGTGAGCGACIGAGCGGAATTTATGCA
2 junction AATATAGTGAAGCCACAGATGTATATTTGCATAAATT GAGCGGAATTTATGCAAAT
CCGCTC)GGTGCCTACTGCCTCGGA
TGCTGTTGACAGTGAGCGCG(CAAATATTCTCATGAG
3 Exon 2 GTT)CTAGTGAAGCCACAGATGTAGIAACCTCATGAGA CAAATATTCTCATGAGGTT
ATATTTG)CATGCCTACTGCCTCGGA
TGCTGTTGACAGTGAGCGCCIGGTTGGAAAGTTTAC
6 Exon 13 TGAATAGTGAAGCCACAGATGTAT(TCAGTAAACTTTC CAAATATTCTCATGAGGTT
CAACCA)GATGCCTACTGCCTCGGA
Exon 2-3 TGCTGTTGACAGTGAGCGAC(CCGAGATATGCAAAAG
junction TTATTAGTGAAGCCACAGATGTAATAACTTTTGCATA TGGTTGGAAAGT TTACTGA
TCTCGGIGCTGCCTACTGCCTCGGA
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Appendix 2, Figure 1. Establishment and characterization of ZAP shRNA integrated TRIM25 inducible cell lines.

(A) Western blot of ZAP shRNA integrated TRIM25 KO 293T cell lines. (B) ZAP shRNA TRIM25 KO 293T cells
were infected with Toto1101/Luc at an MOI of 0.01 PFU/cell and lysed at 40 hours post infection (h.p.i.) for
measurement of luciferase activity. Data combined from two independent experiments. Asterisks indicate
statistically significant differences as compared to TRIM25 KO 293T, calculated using one-way ANOVA and
Dunnett’s multiple comparisons test; **, p<0.01, ***, p<0.001. (C) Gating strategy for sorting TRIM25 inducible
cells transduced with ZAP shRNA #7. (D) Western blot of TRIM25 inducible cell populations depicted in (C),
where GFP- is the parental population; +, total transduced population; ++, GFP": and +, GFP". (E) TRIM25
inducible cells £ ZAP shRNA were induced for TRIM25-WT or -R54P expression at 1 ug/mL dox, infected with

+

+
]

GFP®

+

+

GFP"

. ZAP KO
293T

[ TRIM25-R54P, -dox
TRIM25-R54P, +dox

Toto1101/Luc at an MOI of 0.01 PFU/cell, and lysed at 40 h.p.i. for measurement of luciferase activity.
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ANTIBODIES

Description Source or reference Identifiers {lddztzomjzl
information
anti-actin-HRE, mouse Sigma-Aldrich A3854 WB (1:20,000)
monoclonal
anti-EFP/TRIM25, mouse BD Biosciences 610570 WB (1:5,000)
monoclonal
anti-FLAG, mouse monoclonal Sigma-Aldrich F1804 WB (1:20,000)
anti-G3BP1, mouse monoclonal Santa Cruz sc-365338 WB (1:500)
anti-G3BP2, rabbit polyclonal Assay Biotech C18193 WB (1:1,000)
anti-HA, rat monoclonal Roche Life Science 3F10 WB (1:1,000)
anti-myc, rabbit polyclonal Cell Signaling Technology 22728 WB (1:2,500)
anci-NM23A (NMET), rabbit Abcam ab171935 WB (1:10,000)
monoclonal
anti-PABPC4, rabbit polyclonal Proteintech 14960-1-AP WB (1:2,000)
anti-UPF1, rabbit monoclonal Cell Signaling Technology 12040 WB (1:1,000)
anti-V5, mouse monoclonal Invitrogen MA5-1523 WB (1:5,000)
donkey anti-rat HRP Jackson ImmunoResearch 712-035-153 WB (1:20,000)
goat anti-mouse HRP Jackson ImmunoResearch 115-035-146 WB (1:20,000)
goat anti-rabbit HRP Thermo Fisher Scientific 31462 WB (1:20,000)
CHEMICAL COMPOUNDS AND DRUGS
Description Source or reference Identifiers
biotin-16-UTP Roche Life Science 11388908910
m7G(5")ppp(5)G RNA Cap Structure Analog New England Biolabs S1404L
4X Laemmli Sample Buffer Bio-Rad 1610747
poly(1:C) HMW InvivoGen trl-pic
poly-L-lysine hydrobromide Sigma-Aldrich P2636
RNaseOUT Recombinant Ribonuclease Inhibitor Invitrogen 10-777-019
cOmpls:te Mini, EDTA-free Protease Inhibitor Roche Life Science 11836170001
Cocktail
Yeast tRNA Thermo Fisher Scientific =~ AM7119
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COMMERCIAL ASSAYS OR KITS

Description Source or reference Identifiers
Lenti-X™ 293T Cell Line Takara Bio 632180
DharmaFECT 1 Transfection Reagent Horizon Discovery T-2001-01
Dual-Luciferase Reporter Assay Promega E1980
Dynabeads .Pr.ote'm A for Invitrogen 10-002-D
Immunoprecipitation

Dynabeads™ M-280 Streptavidin Invitrogen 11205D
EZview Red ANTI-FLAG M2 Affinity Gel = Sigma-Aldrich F2426
EZview Red ANTI-MYC M2 Affinity Gel ~ Sigma-Aldrich E6654
KOD Hot Start Master Mix Sigma-Aldrich 71842
Luciferase assay system Promega E4550
Luna Universal gPCR Master Mix New England Biolabs M3003X
Mini-PROTEAN TGX Gels, _

4-15%, 15 well Bio-Rad 4568086
mMESSAGE mMACHINE T7 Invitrogen AMI344
Transcription Kit

MTT Cell Proliferation Assay ATCC 30-1010K
NuPAGE MOPS SDS running buffer Invitrogen NP0001
ProSignal Full-Range Prestained Protein Genesee Scientific 83-650
Ladder

ProSignal Pico ECL Reagent Genesee Scientific 20-300B
Er;)toscrlpt IT First Strand cDNA Synthesis New England Biolabs E6560L
Q5 Site-Directed Mutagenesis Kit New England Biolabs E0552S
Quick-DNA Miniprep-Plus kit Zymo Research D4068
Quick-RNA kit Zymo Research R1055
Qu1kChange II‘ XL Site-Directed Agilent 210518
Mutagenesis Kit

RNeasy mini kit Qiagen 74104
Trans-Blot Turbo RTA Midi _

0.45 pM PVDF Transfer Kit Bio-Rad 2T
TransIT-mRNA Trnasfection Kit Mirus Bio MIR 2250
X-tremeGENEY Transfection Reagent Sigma-Aldrich 6365787001
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SOFTWARE AND ALGORITHMS

Description

Source or reference

URL

CHOPCHOP

Database for Annotation,
Visualization and Integrated
Discovery v6.8

EnhancedVolcano

Flow]o
Geneious Prime (2021.2)

GraphPad Prism 9 (v.9.2.0)

Image]

Matplotlib

MIT Optimized CRISPR
Design portal

RStudio software
(v.1.4.1106)

SciPy

Seaborn

UCSF Chimera

Labun ez 4/, 2016

Frederick National Laboratory for
Cancer Research, Frederick, MD

Clinical Bioinformatics Research

LTD, United Kingdom
BD Biosciences, Franklin, NJ
Biomatters, San Diego, CA

GraphPad Software, San Diego,

CA

National Institutes of Health,
Bethesda, MD

Hunter, 2007

Massachusetts Institute of
Technology, Boston, MA

RStudio, Boston, MA

Virtanen et a/, 2020
Waskom, 2021

University of California, San
Francisco, San Francisco, CA
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https://chopchop.cbu.uib.no

hteps://david.nciferf.gov/home.jsp

https://github.com/kevinblighe/
EnhancedVolcano

https://flowjo.com

https://geneious.com

https://graphpad.com

https://imagej.net/
hteps://matplodib.org

https://crispr.mit.edu

https://rstudio.com

https://scipy.org
https://seaborn.pydata.org

https://www.rbvi.ucsf.edu/chimera/


https://chopchop.cbu.uib.no/
https://david.ncifcrf.gov/home.jsp
https://github.com/kevinblighe/EnhancedVolcano
https://github.com/kevinblighe/EnhancedVolcano
https://flowjo.com/
https://geneious.com/
https://graphpad.com/
https://imagej.net/
https://matplotlib.org/
https://rstudio.com/
https://scipy.org/
https://seaborn.pydata.org/
https://www.rbvi.ucsf.edu/chimera/

VIRUSES AND TRANSFECTED CONSTRUCTS

Reagent type (species) or Ldentifiers /
gent type (P Description Source or reference Additional
resource ; .
information
strain CHIKY strain
Gorchak l., 2012
(Chikungunya virus) 7142.181/25 orchakoveta
strain ONNV-GFP Brault et al., 2004 5G650 genome
- ault et al.,
(O’nyongnyong virus) " (GenBank AF079456)
strain ) ) RR64-GFP Morrison et al., 2006
(Ross river virus)
strain
Toto1101 Ri 1., 198
(Sindbis virus) oto ce etal, 1987
strain (Sindbis virus) Toto1101/Luc Bick et al., 2003
strain (Sindbis virus) Toto1101/Luc:ts6 Bick et al., 2003
strain (Sindbis virus) TE-52]/GFP Frolova et al., 2002
strain (V,E;jlez%tdan equine VEEV-GFP Atasheva et al., 2010 vaccine strain TC-83
encephalitis virus)
transfected. construct pGL3-Control Promega F1741
(Homo sapiens) Vector
transfected construct JEV-Rluc-Rep Lictal., 2016

(Japanese encephalitis virus)
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