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Ebola virus’ structural protein VP35 is polyfunctional and plays vital roles in
Ebola’s life cycle from antagonizing the host’s type I interferon pathway to acting as the
polymerase co-factor. The mechanisms that regulate which function any given VP35
molecule engages remains unknown. Previously, we observed the host E3 ubiquitin ligase
TRIM6 conjugates ubiquitin onto VP35 at lysine (K) 309. This post-translational
modification was found to be proviral, but we did not know which VP35 role(s)
ubiquitination regulated. We generated recombinant EBOVs encoding glycine (G) or
arginine (R) mutations at VP35/K309 (rEBOV-VP35/K309G/-R) and show that both
mutations prohibit VP35/K309 ubiquitination. The rEBOV-VP35/K309G mutant loses the
ability to efficiently antagonize the IFN-I response, while the rEBOV-VP35/K309R
mutant’s suppression is enhanced. The replication of both mutants was significantly
attenuated in both IFN-competent and -deficient cells due to impaired interactions with the
viral polymerase. The lack of ubiquitination on VP35/K309 or TRIM®6 deficiency disrupts
viral transcription with increasing severity along the transcriptional gradient. This
dysregulation of the transcriptional gradient results in unbalanced viral protein production,
including reduced synthesis of the viral transcription factor VP30. Blocking VP35/K309

ubiquitination enhanced interaction with the viral nucleoprotein and may trigger premature
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nucleocapsid packaging. Prior work also showed that at least one lysine residue other than
K309 is ubiquitinated and that VP35 non-covalently interacts with ubiquitin. We observed
that multiple residues in VP35’s N-terminus can receive covalent ubiquitin, including
K119, 126, and 141. Substitution of K119-, 126-, and/or 141-to-R significantly attenuates
VP35’s polymerase co-factor activity, but their mutation does not alter interactions with
the viral polymerase or nucleoprotein. When looking into VP35’s non-covalent ubiquitin
interaction, we found that VP35 specifically binds K63-linked ubiquitin chains via its C-
terminus. The specific cleavage of unanchored ubiquitin chains, using the deubiquitinase
isopeptidase T, impedes VP35’s non-covalent binding to ubiquitin and stunts EBOV’s
polymerase activity. Finally, we also found that TRIM25, TRIM6’s relative, facilitates
ubiquitin ligation onto VP35 and enhances VP35’s non-covalent interaction with ubiquitin.
EBOV replication is attenuated 100-10,000 fold in cells lacking TRIM25. Overall, our data
support that TRIM6- and TRIM25-mediated VP35 ubiquitination and VP35’s non-

covalent interaction with unanchored ubiquitin is proviral.
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Chapter 1: Introduction — Ebola virus and the Ubiquitin System

EBOLAVIRUSES

Filoviruses are a family of non-segmented, negative-sense RNA viruses that
include the genus Ebolavirus *. Six Ebolavirus species have been identified: Bombali
ebolavirus (BOMV), Bundibugyo ebolavirus (BDBV), Reston ebolavirus (RESTV), Sudan
ebolavirus (SUDV), Tai Forest ebolavirus (TAFV), and Zaire ebolavirus (EBOV). Of
these, four species, BDBV, SUDV, TAFV, and EBOV are virulent and cause lethal
infection in humans. EBOV has been the most devastating of the six Ebolavirus species to
humans causing over twenty known outbreaks and nearly 15,000 deaths 23. Despite the
recent approval of an efficacious vaccine and two therapeutic monoclonal antibodies *°, an
improved understanding of EBOV’s replication cycle and interaction with the host is
needed to broaden the treatments to additional targets.

The nearly 19 kilobase (kb) EBOV genome encodes seven structural proteins:
nucleoprotein (NP), polymerase co-factor (VP35), matrix protein (VP40), glycoprotein
(GP), transcription factor (VP30), nucleocapsid maturation factor (VVP24), and the large
polymerase subunit containing the RNA-dependent RNA polymerase (RdRp),
polyribonucleotidyltransferase (PRNTase), and methyltransferase (MTase) enzymatic
functions (L) ®. Upon entry into the cell, the virus undergoes primary transcription. The
EBOV transcriptase, comprised of VP35, VP30, and L, loads onto the 3’ end of the genome
and initiates at the transcriptional start site of the first gene, NP °. The transcriptase
navigates the transcriptional stop and start signals within the genome’s intergenic regions

without falling off to synthesize messenger RNA (mRNA) for each subsequent gene. If the



transcriptase is unable to read through these signals, the complex will dissociate from the
genomic RNA (VRNA) template, re-load onto the 3’ end, and initiate NP mRNA
transcription. This discontinuous transcription produces a 3°-t0-5’ gradient of viral mRNAs
with NP and L being the most and least abundant, respectively 8° (Figure 1.1A). Following
primary transcription, the viral proteins will be in sufficient abundance for replication. The
viral replicase, L with VP35, works in cooperation with NP to generate the NP-
encapsidated complementary/anti-genomic RNA (cRNA) from the NP-associated VRNA.
Nascent genomes are then synthesized from the cRNA, and the VRNA serves as a template
for secondary transcription or is packaged into progeny virus.

A mature nucleocapsid must be formed for EBOV VRNA to be packaged !, and
the components include the NP-vRNA, VP35, and VP24 2, Prior to being incorporated
into virions, the nucleocapsid must be condensed. This maturation occurs once VP24 is
recruited, and the rigidification of the mature nucleocapsid occludes the polymerase’s
access to VRNA™4, To this point, the signal(s) leading to VP24 recruitment remains
unknown. Subsequently, the mature nucleocapsid interacts with VP40 to enable budding
from GP-rich membranes .

Regulation of the events that initiate the polymerase replicase-transcriptase
transition and the formation of a mature nucleocapsid is crucial to complete the viral life
cycle efficiently and to produce infectious virus. The viral and host factors that coordinate
these critical stages of viral replication are unknown beyond the need for dephosphorylated
VP30 for transcription 15-® and VP24 for nucleocapsid maturation *213, VP35, a component
of both the active polymerase complex © and the mature nucleocapsid 2, is a potential

regulator of the replicase-transcriptase transition and nucleocapsid formation. A review of



VP35 provides context for the experimental approach used to study this protein. The

following is a discussion of VP35’s characterized roles and associated functional regions

(Figure 1.1B and 1.1C).

VP35 AS THE POLYMERASE CO-FACTOR

VP35’s polymerase co-factor activity is required for the polymerase’s transcriptase
and replicase functions. This function relies on multiple interactions with both viral and
host proteins. On the viral protein side, VP35 acts as bridge between L and the NP-vRNA
template as NP and L do not interact in the absence of VP35 7?°. A region within VP35’s
N-terminus is required to bind the polymerase !, while the C-terminal first basic patch
(FBP) facilitates interaction with NP 22, The C-terminal-NP interacting region is predicted
to bring NP-RNA into proximity of the polymerase 2. VP35 also acts as a chaperone for
RNA-free, monomeric nucleoprotein (NP°). The N-terminal NP-binding peptide (NPBP)
of VP35 is required to prevent NP’s premature association with RNA 224 The NPBP is
conserved among filoviruses and enables the coupling of viral replication and NP-vRNA
and -cRNA encapsidation 2%, When the NPBP is deleted, VP35’s polymerase co-factor
activity is ablated 23. Of note, VP35 interacts indirectly with VP30 through L, NP, and
RNA 15,17.

An important characteristic of filovirus VP35 is its ability to homo-oligomerize 2'-
31, The N-terminal coiled-coil region is required for self-interaction 2’1, and EBOV VP35
can form either trimers or tetramers while other Ebolavirus species” VP35 is predicted to
form only asymmetric tetramers 28, When VP35 is mutated to ablate key leucine residues

within the coiled-coil or the N-terminus is deleted, VP35 loses polymerase co-factor



activity 3!, interaction with L 2!, and type | interferon antagonism 2"3%32, Homo-
oligomerization is also required for interaction with dynein light chain 8 (LC8) and the
ablation of this interaction attenuates VP35’s polymerase co-factor activity 3. Interestingly
VP35’s LC8 interacting peptide is located upstream of the coiled-coil region 343°
suggesting that VP35’s ability to self-interact may impact binding affinity with partner
proteins. Since VP35’s interactions with itself, L, NP-RNA, NP°, and host proteins are
required for efficient polymerase co-factor activity, different VP35 monomers within the
asymmetric oligomer are hypothesized to perform different functions.

Recently, VP35 has been described to have ATPase- and helicase-like activities
that are predicted to contribute toward its polymerase co-factor function. VP35 binds
double-stranded RNA (dsRNA) and unwinds regions with a 5> overhang 3¢. Deletion of
amino acids 137-173 or treatment with guanidine hydrochloride prohibits VP35’s NTPase-

and helicase-like activities and attenuates EBOV replication and transcription when using

a minigenome system %,

VP35 IN ASSEMBLY

Although the mechanisms have not been characterized, VP35 has also been
indicated as a regulator of nucleocapsid maturation and incorporation into virions. When
VP40 is co-expressed with the EBOV minigenome, NP, L, VP30, and VP35, the
incorporation of EBOV minigenome VRNA into VP40 virus-like particles (VLPSs) is VP35-
dependent *’. Further, VP35 from both EBOV and Marburg virus (MARYV) has been shown

to increase VP24’s recruitment to nucleocapsids to facilitate rigidification 138,



VP35 As A TYPE-I INTERFERON ANTAGONIST

The most thoroughly studied VP35 function is antagonism of the host’s antiviral immune
response (Figure 1.2). Before describing the mechanisms of VP35-mediated type |

interferon (IFN-I) inhibition, we will briefly overview the innate antiviral response.

The Host’s Type-I Interferon Pathway

Cells identify pathogen invasion due to the presence of pathogen-associated
molecular patterns (PAMPSs) contained in viral components, which are recognized by host
pattern recognition receptors (PRRs) *°. Examples of viral PAMPs include some envelope
or capsid proteins, viral nucleic acid, or intermediates of genome replication *. Upon
PAMP engagement of a PRR, a signaling cascade is initiated that relies on post-
translational modifications (PTMs) for proper coordination. These modifications include
ubiquitination and phosphorylation, which facilitate the assembly of adaptor and enzymatic
molecules needed to activate and inactivate transcription factors and other effector
molecules 31, These transitions in the transcriptional profile and functional proteome
enable the cell to respond optimally to the pathogen and to communicate (e.g., cytokine
secretion) with neighboring cells to limit viral replication and promote clearance. Examples
of pathways critical in response to viral infection include IFN induction and signaling and
NF-«B activation %,

A common pathway activated during virus infection is the retinoic acid-inducible
gene | (RIG-1)-like receptor (RLR) pathway. Cytoplasmic viral dsRNA or single-stranded
RNA (ssRNA) containing 5’-triphophates produced during replication act as agonists for

RLRs RIG-1 and melanoma differentiation-associated protein (MDA5) -6, RIG-I and



MDADS5 bind distinct viral RNA agonists yet they induce similar downstream antiviral
pathways #’. RLRs are ATP-dependent RNA helicases that have two N-terminal caspase-
activated recruitment domains (CARDS), a central DEAD box, and an auto-inhibitory C-
terminal domain *. The unique PAMPs recognized by these receptors enable the host to
respond to a broader range of pathogens 4. Upon engagement of the PAMP with the RLR,
a conformational shift exposes the CARDs, which allows homo-oligomerization and
recruitment of the RLRs to their adaptor mitochondrial antiviral signaling protein (MAVS)
at the mitochondrial outer membrane (MOM) 444951 A variety of factors influence the
activation of RLRs downstream of PAMP recognition including ATP hydrolysis “4%2, RLR
oligomerization 49052 and PTMs 5357, Interaction of the N-terminal CARDs of both the
RLRs and MAVS induces the adaptor to form prion-like aggregates and exposes domains
to recruit critical RING E3 ligases including tumor necrosis factor (TNF) receptor-
associated factors (TRAFs) 3 and 6 585°,

Downstream of TRAFs 3 and 6, both the NF-xB and IFN-I arms of the innate
antiviral response are activated. As VP35 is unable to inhibit NF-xB, we will focus on the
IFN-I pathway. TRAF3, in cooperation with NEMO, recruits and stabilizes TRAF family
member-associated NF-kB activator (TANK) or nucleosome assembly protein (NAP1)
which are critical in linking TANK binding kinase 1 (TBK1), and in some cases inhibitor
of kappa light polypeptide gene enhancer in B cells (IKKg), to the MAVS signalosome
5960 Once activated, TBK1 and/or IKKe phosphorylate the IFN regulatory factor (IRF) 3
and IRF7 862, Upon phosphorylation, the IRFs homodimerize and translocate to the
nucleus where they bind to DNA regulatory regions 8. To induce optimal IFNP

transcription, activated IRF3, NF-kB, and AP-1 (activator protein 1) must translocate to



the nucleus and bind to their respective regulatory regions of the Ifnbl promoter 2. The
resulting IFNP is then secreted and signals in a paracrine and autocrine manner. Binding
of IFN to its heterodimeric receptor results in the activation of tyrosine kinases, Janus
kinase 1 (JAK1) and tyrosine kinase 2 (Tyk2), which phosphorylate signal transducer and
activator of transcription (STAT) 1 and STAT2. Following phosphorylation, STAT1 and
STAT?2 heterodimerize and associate with IRF9 to form IFN-stimulated gene (ISG) factor
3 (ISGF3) and translocate to the nucleus®’. Within the nucleus, ISGF3 binds to genes with
an IFN-stimulated response element (ISRE) in their promoter to activate transcription .
The resulting proteins expressed from 1SGs create a cellular environment that is prohibitive
to viral entry and replication 8%. As with other immune pathways, ISGF3 also promotes the

transcription of type-I IFN negative regulators to mitigate deleterious effects °.

VP35-Mediated dsRNA-dependent IFN-1 Antagonism

Ebolavirus VP35 is able to suppress the RLR pathway both at and downstream of
dsRNA recognition. VP35’s C-terminal domain, also known as the IFN inhibitory domain
(IID), mediates VP35’s antagonism of the IFN-I induction pathway ®*. Structurally, the 11D
is comprised of two basic residue clusters linked by two proline residues ®°. The FBP, in
addition to facilitating interaction with NP-RNA 22, is required for proper folding of the
dsRNA-binding central basic patch (CBP) ®°. Mutation of residues that facilitate contact
between the FBP- and CBP-containing sub-domains, such as isoleucine 340 and
phenylalanine 239, destabilize the 11D structure %. The CBP has a large distribution of
positive charge with several lysine (K) and arginine (R) residues that facilitate interaction
with dsSRNA. EBOV VP35’s IID forms an asymmetric dimer on dsRNA due to some

residues interacting with the dsRNA backbone, R312, R322, and K339, and the dsRNA



ends, F239 and H240 ®. VP35’s R305, K309, and K319 enhance interaction with the
dsRNA backbone, but they are not required %>, Binding to dsRNA allows VP35 to prevent
the hosts> RLRs from recognizing viral RNA 578 Substitution of the key dsRNA
backbone-interacting basic residues for alanine (A) in recombinant EBOV results in

71

significantly attenuated infection in rodent ®%° and non-human primate "* models of

infection.

VP35-Mediated dsRNA-dependent IFN-1 Antagonism

In addition to dSRNA-dependent IFN-1 antagonism, VP35 is also able to antagonize
through a dsRNA-independent route. VP35 is able to prevent both TBK1- and IKKe-
mediated IRF3 phosphorylation to prevent IFN-I production 6772 The mechanism
underlying this route of inhibition remain enigmatic, but the inhibition takes place prior to
IRF3 phosphorylation as VP35 cannon inhibit the constitutively active, phosphomimetic
IRF3 construct (5D) ". VP35 can also block IRF7 through promoted PIAS1-mediated
SUMOylation and is hypothesized to be important for antagonizing IFN-I induction in
dendritic cells (DCs) 7. Importantly, VP35 is linked to the impairment of DC maturation
thus impeding the activation of the adaptive arm of the host’s immune system ’°8,
Mutations that block VP35’s antagonism of IFN-I binding and II1D intramolecular

interactions suppress VP35’s capacity to antagonize DC maturation suggesting a link

between DC activation and IFN-I induction following EBOV infection 7778,

REGULATION OF VP35’S FUNCTIONS

Despite VP35 being known to participate in all of the functions described above,

the mechanisms underlying the function that any given VP35 molecule may engage



remains unknown. Stochasticity likely contributes to VP35’s functional flexibility, but
specific signals could trigger VP35’s capacity to engage in certain functions. Post-
translational modifications, for example could modify the function(s) VP35 can participate.
Importantly, PTMs on VP35, including phosphorylation and ubiquitination, have been
described to enhance VP35’s polymerase co-factor activity '*#1. VP35 phosphorylation at
serine (S) 187 8 and threonine (T) 210 & have been described to promote VP35’s
polymerase co-factor activity. The mechanism for S187 has not been described, but T210
phosphorylation enhances binding with NP 88! \We previously discovered VP35
ubiquitination at K309 via the host E3 ubiquitin ligase TRIM6 "°. Ubiquitination at
VP35/K309 facilitates polymerase co-factor activity and lack of TRIM6 impairs VP35
ubiquitination and virus replication °. Although we observed a proviral phenotype for
TRIM6-mediated VP35/K309 ubiquitination, we did not know which of VP35’s functions
this PTM regulates. Before delving into our hypothesized functions of VP35/K309

ubiquitination, we will briefly review ubiquitination and the TRIM family.

UBIQUITIN POST-TRANSLATIONAL MODIFICATIONS

Ubiquitin is a key protein in orchestrating cellular and viral functions including
immune responses and viral budding. Ubiquitin (Ub) is a 76-amino-acid protein that
associates either covalently or non-covalently with proteins %8283, The addition of Ub to a
protein target is catalyzed by three classes of Ub enzymes. The Ub activating enzyme (E1)
binds the C-terminal glycine of Ub to its active-site cysteine in an ATP-dependent manner
to form a high-energy thioester bond “°82, Interaction of the E1 with Ub exposes a site to

enable the recruitment of the next enzyme 8. Via a trans-thiolation reaction, the Ub is



transferred from the E1 to the Ub conjugating enzyme’s (E2) active-site cysteine %82, Once
the Ub is bound, an Ub ligating enzyme (E3) can interact with an E2-Ub conjugate and
assist in the transfer of the Ub onto a target protein “%#, When covalently attaching Ub to
a protein, most often the Ub is covalently linked at a K’s e-amino group 482,

Since Ub has seven lysine residues itself, K6, 11, 27, 29, 33, 48, and 63, the Ub
enzymes can coordinate the formation of covalently linked poly-ubiquitin chains (polyUb)
4082 1n addition, Ub molecules can be linked in a head-to-tail orientation in which the
donor Ub’s C-terminal glycine is linked to the acceptor ubiquitin’s methionine-1 amino
group “°#2, The E2 primarily determines the Ub chain topology 88 while the E3 is more
important in identification and recruitment of the appropriate target . Ubiquitin can be
covalently linked to a protein as a single Ub at one site (mono-ubiquitination), single Ub
molecules at multiple Ks of the same target protein (multi-mono-ubiquitination), or a
covalently linked chain of Ub ligated onto a single K (covalent polyUb) 8. Additionally,
Ub cascade enzymes can synthesize unanchored polyUb (non-covalent polyUb) that act as
a ligand for proteins containing an ubiquitin-binding domain (UBD) 8848687 The unique
combination of polyUb chain topologies, covalent or non-covalent modifications, and
chain length variation allows for precise signaling regulation.

The host encodes a variety of mechanisms to enact, regulate, and interpret this
complex ‘ubiquitin code.” Ubiquitin modification can directly influence the target
molecule through induction of a conformational change. Such changes may recruit other
molecules, expose a subcellular localization sequence, or alter protein stability 8283,
Recognition of Ub by UBD-containing proteins is analogous to a receptor binding its

ligand. The UBD-containing proteins may recognize a specific polyUb topology (e.g.,
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UBD specifically recognizing K48-linked polyUb chains (K48-polyUb)) and/or chain
length (e.g., a UBD that interacts with mono-Ub) and then recruit specific molecules to
create a signaling complex 828388 Although some exceptions exist, different polyUb
topologies are associated with particular effector responses. The best-characterized
examples include K48-polyUb, which stereotypically target proteins for proteasome-
mediated degradation, or K63-linked polyUb (K63-polyUb), which generally coordinate
cell signaling complexes and subcellular localization 828, Despite the canonical roles of
these chain topologies, K48-polyUb have been noted to be involved in promoting signaling
complex assembly 8 and K63-polyUb can mark protein targets for degradation *°. To
regulate the Ub response, the host also encodes deubiquitinating enzymes (DUB) or
ubiquitin specific proteases (USP), which can disassemble polyUb or coordinate the
removal of ubiquitinated enzymes 82#3, Overall, the host encodes the enzymes necessary

to generate, respond to, and eliminate Ub modifications.

Ubiquitin and Ebola virus

Several ubiquitin and ubiquitin-like proteins have been found to regulate the
functions of EBOV proteins. EBOV’s matrix protein, VP40, utilizes the host’s E3 ubiquitin
ligases SOCS3, SMURF2, WWP1, ITCH, and Nedd4 to facilitate egress of VLPs 917,
Inhibitors that block the WW domain, present in SMURF2, WWP1, ITCH, and Nedd4,
from interacting with VP40’s PPxY late domain impede the production of VLPs %9,
Interestingly, the ubiquitin-like modifier (ULM) ISG15 can also block VP40 ubiquitination
to disrupt virus budding '®°. Modification of VP40 with ULM SUMO at K326 has also
been reported to be incorporated into VLPs 1%, VP24 is modified by covalent ligation

ubiquitin and SUMO to regulate nuclear translocation and IFN-I signaling antagonism %,
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VP24 also contains a SUMO-interacting motif to enable non-covalent interactions %2,
Treatment with USP7, which cleaves SUMO, prevents VP24’s ubiquitin modification
which enhances its IFN-I antagonism %, The role of these VP24 PTMs on EBOV
replication have not been investigated. The E3 ubiquitin ligase RBBP6 blocks NP-VP30
interaction by mimicking NP’s binding motif, PPxPxY, but the potential role of RBBP6-
mediated ubiquitination onto EBOV proteins has not been investigated %, The E3 ligase
MARCHS8 antagonizes budding of vesicular stomatitis virus pseudoparticles expressing
EBOV’s GP 1% and blocks GP surface expression on transfected 293T cells through
inhibition of furin cleavage which cause retention of GP in the Golgi 1°°. As mentioned
above, TRIM6 ubiquitinates VP35/K309 and EBOV replication is attenuated when TRIM6

is absent 7°.

TRIPARTITE MOTIF E3 UBIQUITIN LIGASES

Tripartite motif proteins (TRIMSs) are an E3 ligase family critical in many cellular
functions, including the regulation and coordination of innate immunity and antiviral
responses 8687.106-109 't they can also be hijacked to facilitate viral replication °1° The
conserved RBCC domain gives TRIMs their name. The RBCC domain includes a really
interesting new gene E3 ligase domain (R-RING), one or two B-box domains (B), and a
coiled-coil domain (CC) %011, Like other RING motif-containing E3 ligases, the RING
domain of TRIMs usually mediates the interaction with Ub-bound E2 via the zinc finger
motifs 4084112 These motifs are comprised of key cysteine and histidine residues that
coordinate binding to two zinc ions and facilitate protein—protein interactions 484112 The

function of the B is less well characterized, however studies suggest that this domain is
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important in coordinating TRIM self-association and protein—protein interactions,
including higher-order TRIM oligomerization (reviewed in 1'?). The CC is a hyper-helical
structure that allows for dimerization and self-association of TRIMs 14 Often,
dimerization of TRIMs via the CC domain and formation of higher order oligomerization
through the B is critical for TRIM function and E3 ligase activity 11213115119 The variable
C-terminal region of TRIMs is responsible primarily for interaction with target proteins
and subcellular localization 411120 To date, 11 classes of TRIM C-terminal domains have
been characterized 81*1112, The most prevalent TRIM C-terminal domain is the B30.2, or
PRY-SPRY, domain with approximately 40 members identified in humans including
TRIMs 6 and -25 86112121 TRIMs’ PTMs 82122126 ajternatively spliced isoforms 109127128
and heterodimerization %% expand the diversity and functionality of this protein family.

In addition to differential mMRNA expression upon viral infection, several TRIM
family members are intimately involved in the antiviral response. Type-I IFNs and other
cytokines have been noted to differentially regulate the expression of a significant
population of TRIMs 871%0-1%6 | jkewise, TRIM overexpression influences the transcription
of type-1 IFN, pro-inflammatory cytokines, and 1SGs 8:1%°, The roles of TRIMs in viral
infection include intrinsic restriction of viral pathogens, positive regulation of immune
pathways that promote viral clearance, and negative regulation of antiviral pathways to
limit immunopathology 262713, The incorporation of TRIM antagonists into viral genomes

exemplifies the importance of TRIMs in antiviral responses 38143,

TRIM6
TRIMG6 has been described as a regulator of the IFN-I induction and signaling

pathways, a target of viral-mediated antagonism, and a proviral factor. Initially, TRIM6
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was observed to enhance the IFNP promoter activation following stimulation with
constitutively active RIG-1 1%, TBK1, or IKKe &. Thorough molecular characterization,
TRIM6 was found to facilitate IKKe oligomerization and synthesis of IKKe-dependent
ISG’s through the synthesis of unanchored, K48-liked poly-Ub in cooperation with E2
Ube2K 8. TRIMG is needed for effective antiviral responses following infection including
West Nile virus and Influenza A virus (IAV) 4144145 Eyrther evidence of TRIM6 as an
antiviral factor is highlighted by our findings that the Nipah virus (NiV) matrix protein
facilitates TRIM6 degradation which impairs the hosts’ IFN-1 response 41, In contrast to
the antiviral role observed with other viruses, our EBOV infection studies clearly
demonstrated that TRIM6’s IFN-I regulatory roles were subverted, and VP35 appropriates

TRIMG6 to promote virus replication ’°.

TRIM25

Several TRIMs positively regulate the receptors RIG-1 and MDADS 146148 The best
characterized example of TRIM-mediated RIG-I activation involves TRIM25. TRIM25
ligates K63-linked polyUb chains onto RIG-I’s N-terminal CARD at K172, which induces
downstream signaling 8. Additionally, TRIM25 catalyzes the synthesis of unanchored,
non-covalent K63-polyUb, which facilitate RIG-I oligomerization and stabilization *° to
promote RIG-I CARDs’ interaction with MAVS 4, TRIM25 has been implicated in the
K48-polyUb of MAVS, which results in its proteasome-mediated degradation and release
of downstream signaling molecules (TBK1, NEMO, and possibly TRAF3) to induce IFN-
| production **°. Adding complexity to this system, TRIM25 can synthesize K48-polyUb
to antagonize RLR activation. TRIM25 K48-linked polyubiquitination negatively regulates

RLR activation, but USP15 can specifically disassemble these poly-Ub chains to stabilize
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TRIM25 ¥, The role of TRIM25 in the regulation of RLR pathways and/or type-I IFN
induction has been shown to be conserved among different species including salmonids %2,
birds 131 reptiles'®®, and mammals®®®,

Several viruses have been described to antagonize TRIM25’s role in inducing the
RLR pathway. The nonstructural protein 1 (NS1) of IAV and Influenza B virus (IBV) has
been characterized as a viral antagonist of host innate immunity through interactions with
TRIM25 142154157158 ‘The NS1 protein from IAV directly interacts with TRIM25’s CC to
impede its multimerization *42'%°, Since dimerization is required for TRIM25 E3 ligase
activity, NS1 binding to TRIM25 blocks RIG-1 ubiquitination and downstream signaling,
resulting in a reduced antiviral response 1421, The TRIM25 interaction with IAV NS1 is
virus strain and host species-specific. Human TRIM25 interacts with IAV strains isolated
from many species, chicken TRIM25 binds only NS1 from avian strains, and murine
TRIM25 does not bind any NS1 4. The nucleoprotein of SARS-CoV was demonstrated
to interact with the SPRY domain of TRIM25, preventing the necessary interaction and
subsequent ubiquitination of the RIG-1 CARD domains 1. A similar loss of RIG-1-induced
IFNB is achieved when MERS-CoV nucleoprotein associates with TRIM25 %%, For DENV,
Manokaran et al. compared two viral sequences (PR1 and PR-2B) and identified mutations
that resulted in the increased production of sub-genomic flavivirus non-coding RNAs
(sfRNAS) by the PR-2B strain *°. The PR 2B sfRNAs were capable of binding to host
TRIM25 and prevented USP15-mediated deubiquitination 4%, which is crucial for
activation of RIG-1 1, The NSs protein of severe fever with thrombocytopenia syndrome
virus (SFTSV), a negative-sense RNA virus in the family Bunyaviridae, interacts directly

with TRIM25, and indirectly with RIG-I1 and TBK1 to isolate these signaling molecules
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from associating with MAVS %!, As with the other viral protein-TRIM25 interactions
described above, downstream activation of IRF3 and subsequent IFNpB production are
impaired 1, The accessory protein V from NiV and other paramyxoviruses is capable of
inhibiting TRIM25-dependent activation of RIG-1'%2, NiV-V interacts with both the SPRY
domain of TRIM25 and the CARD domains of RIG-1'%2, The V protein is hypothesized to
stabilize the TRIM25-RIG-I complex to impede the downstream steps of the IFN-I
induction pathway including RIG-1 ubiquitination 2. TRIM25 is a common target of a
diverse group of RNA viruses, suggesting that other pathogens may also impair TRIM25-
mediated stimulation of the RLR pathway. To this point, no proviral roles for TRIM25

have been described.
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Figure 1.1. Ebola virus transcription and VP35

(A) A basic representation of Ebola virus’ negative-sense genome to show gene order.
Ebola virus (EBOV) discontinuously transcribes its genes, generation a transcriptional
gradient. (B) A schematic reviewing EBOV VP35’s diverse functions. VP35 (pink
rectangle with “VP35”) is able to homo-oligomerize and is represented here as a tetramer.
To prevent free nucleoprotein (green hexagon with ‘NP°”) from prematurely binding to
RNA, VP35 binds via its N-terminal NP binding peptide (NPBP). VP35 also acts as the
essential polymerase co-factor. As part of the replicase, VP35 molecules interact with the
large polymerase (indigo shape with ‘L’) subunit as well as NP° and NP-encapsidated
template viral RNA to facilitate the synthesis of nascent RNA. VP35 also acts as the co-
factor for the polymerase’s transcriptase function which also requires the transcription
factor VP30 (light blue rectangle with ‘“VP30’) to synthesize viral mRNAs from the
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genomic RNA (VRNA). VP35 also has ATPase- and helicase-like activities which are
expected to aid in its polymerase co-factor function. Studies have also implicated VP35
facilitating virus assembly though recruitment of the nucleocapsid maturation factor VP24
(purple pentagon with ‘VP24”) and promotes incorporation of the mature nucleocapsid into
VP40 (orange half circle with ‘VP40’) rich membranes. VP35 is also and immune
antagonist that suppresses the host’s type I interferon induction pathway and dendritic cell
maturation. (C) Linear representation of VP35 protein and its sub-domains with the
associated amino acids boundaries indicated. (Figure created by Sarah van Tol)
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Figure 1.2 VP35 antagonism of type-I interferon induction

During Ebola virus infection, double-stranded (ds) RNA intermediates are produced and
can act as a stimulus for the host cytoplasmic RNA receptors RIG-1 and MDAS. Without
VP35 present, the foreign RNA would activate the RIG-I-like receptors and activate
MAVS leading to the activation kinases TBK1 and IKKe. The kinases then phosphorylate
transcription factors IRF3 and/or IRF7 which translocate to the nucleus to stimulate the
expression of type I interferon (IFN). IFN will then signal through the type I IFN receptor
(IFNAR1/2) to stimulate the formation of active STAT1/STAT2 heterodimers which
interact with IRF9 to form the ISGF3 complex to trigger the expression of interferon-
stimulated genes. VP35 inhibits the IFN-I induction pathway through dsRNA-dependent
(direct binding to RNA to prevent recognition by RLRs) and -independent (blocking the
IRF3 kinases) mechanisms. (Figure created by Sarah van Tol)
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HYPOTHESIS & SPECIFIC AIMS

The unique role for TRIM6 in the context of EBOV infection prompted us to
examine the role of VP35/K309 ubiquitination in-depth. The VP35/K309-TRIM6 study
also raised related areas of study including ubiquitination at other K residues, non-covalent
interaction with Ub, and the potential for redundancy among TRIM family members in
ubiquitinating VP35. A VP35/K309A mutant receives less covalent Ub than wild-type
VP35 ®, but the other Ub-modified K(s) have not been identified. We also observed that
VP35 interacts with non-covalent Ub ®, but the functional relevance is unknown. Further,
Ub immunoprecipitated with VP35 in the absence of TRIM6 " supporting that covalent
Ub modification by another E3 ligase and/or interaction with unanchored Ub may regulate
VP35. The overall goal of this dissertation was to understand the mechanism of TRIM6-
mediated VP35/K309 ubiquitination and to investigate the functions of VP35’s other Ub
interactions.

The primary hypothesis that this thesis examines is: ubiquitination of VP35/K309
is advantageous for Ebolavirus replication through enhancement of its polymerase co-
factor activity. To investigate our hypothesis, we utilized two VP35/309 mutants, encoding
either a glycine (K309G) or an arginine (K309R) to dissect the functional contributions of
Ub and a basic residue at VP35/309. This hypothesis was addressed through three specific
aims:

Aim 1: To validate the ubiquitination and IFN-I antagonism phenotypes of the
VP35/K309 mutants. We hypothesized that VP35/309 mutation to either arginine or

glycine would prevent ubiquitination, but only the glycine mutant would be impaired in its
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IFN-I antagonism. VP35/K309R and -G ubiquitination and IFN-1 antagonism were
compared to wild-type VP35. (Chapter 3: Figure 3.1)
Aim 2: To characterize the replication Kinetics of rEBOV-VP35/K309R and -G. We
hypothesized that both rEBOV-VP35/K309R and -G would be attenuated in IFN-I
competent and -incompetent cells due to loss of ubiquitination, but the K309G mutant
would be additionally attenuated in IFN-I competent cells due to impaired IFN-I
antagonism. We performed replication kinetics experiments with rEBOV-VP35/wild-type,
K309R, and- G viruses in IFN-I competent, A549, and incompetent, VeroE6, cells.
(Chapter 3: Figures 3.2-3.6)
Aim 3: To elucidate the function or functions of VP35 that ubiquitination influences.
We hypothesized that loss of VP35/K309 ubiquitination would impair polymerase co-factor
functions. The VP35/K309R and -G mutants were compared to wild-type to compare their
capacity to fulfill VP35’s functions including polymerase co-factor activity, interaction
with viral proteins, and regulation of virus assembly. (Chapter 3: Figure 3.7-3.13)
Secondarily, we also hypothesized that: TRIM6-independent VP35 ubiquitination
also regulates VP35’s functions. Expanding our understanding of VP35 ubiquitination
provides insight whether blocking VP35 ubiquitination could be harnessed as a therapeutic
target. This hypothesis was addressed through three specific aims:
Aim 4: To identify VP35 lysine residues that receive covalent ubiquitin and examine
their function. We hypothesized that at least one VP35 lysine, aside from K309, is
ubiquitinated. We made VP35 lysine-to-arginine mutants to identify which residues are
modified and examined the mutants’ polymerase co-factor activity, interaction with key

viral proteins, and IFN-I antagonism. (Chapter 4)
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Aim 5: To examine the function of VP35-unanchored ubiquitination on EBOV’s
polymerase activity. We hypothesized that VP35’s interaction with unanchored ubiquitin
enhances VP35’s polymerase co-factor activity. We confirmed VP35’s interaction with
unanchored, non-covalent K63- polyUb, identified the region of VP35 that facilitates this
interaction, and utilized an USP that targets unanchored Ub to evaluate the role of
unanchored Ub on polymerase activity. (Chapter 5)

Aim 6: To investigate the potential redundancy among TRIMG6 family members in
VP35 ubiquitination. We hypothesized that a TRIM6 relative could interact with and
ubiquitinate VP35. We screened TRIM6-related TRIMs and PRY-SPRY-containing
TRIM25 for interaction with VP35. After identifying TRIM25-VP35 interaction, we
evaluated TRIM25-mediated VP35 ubiquitination and EBOV replication kinetics in

TRIM25 knockout cells. (Chapter 6)
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Chapter 2: Methods for Studying Ebola virus VP35 Ubiquitination and

its Effects on Replication

CELLS AND VIRUSES

VeroE6 cells (ATCC CRL-1586), wild-type (ATCC CCL-185) and Trim6™-
knockout ° A549 cells, and wt, Trim2571% or Trim6” murine embryonic fibroblasts
(MEFs) or bone marrow-derived dendritic cells (BMDCs) were used for infection studies.
293T cells (ATCC CRL-3216) were used for transfection. Cells were maintained in 1X
DMEM (VeroE6, A549, 293T, and MEFs) or 1X RPMI-1640 (BMDCs) with 10% FBS
and incubated at 37°C, 5% CO2 EBOV full-length clone expressing enhanced green
fluorescent protein (eGFP) % was kindly provided by Drs. Jonathan S. Towner and Stuart
T. Nichol (CDC). The recombinant VP35 mutant viruses (K309R or K309G) were
generated based on this clone as described ”’. Briefly, the pcDNA3 subclone containing
Apal-Nrul fragment of the EBOV plasmid was subjected to mutagenesis using the Q5 site-
directed mutagenesis kit (New England BioLabs). Primers used for introduction of
mutations in VP35 gene are listed in Table 2.1. Next, Apal-Nrul fragment in pEBOV was
replaced with its mutagenized copies from pcDNA3 subclones, resulting in EBOV-
eGFP/VP35-K309R and EBOV-eGFP/VP35-K309G constructs. The recombinant viruses
were recovered upon transfection of 293T cells and amplified by a single passage in
VeroE6 cells. The presence of introduced mutations in viral genome was confirmed by
conventional Sanger sequencing. For infection in wt and Trim257- MEFs, we used a mouse-
adapted Ebola virus (Ebola virus M. musculus/COD/1976/MayingaCDC-808012) 64,

All manipulations with infectious EBOV were performed in the Robert E. Shope

and Galveston National Laboratory Biological Safely Level 4 facilities at UTMB.
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GENERATION OF TRIM67"MICE

To generate Trim6” mice using CRISPR, plasmid pSpCas9(BB)-2A-GFP 165 (gift
from Feng Zhang, Addgene 48138) expressing Cas9 and sgRNA targeting exon 2 of Trim6
(Table 2.2) was injected into the pronuclei of C57BL/6J fertilized eggs at the UTMB
Transgenic Mouse Core Facility. sgRNA was designed using the following link:
http://crispr.mit.edu:8079/. We used PCR (primers listed in Table 2.2), Guide-it Mutation
Detection Kit (Clontech/Takara Bio, San Jose, CA), T7EL1 assay, and Sanger sequencing
to screen founders. Subsequently, we validated mutant 8bp deletion allele sequence by
amplifying an exon 2 region from founder genomic DNA, subcloning the amplicons, and
sequencing the amplicons. The founder line was backcrossed to C57BL/6J twice before
heterozygous intercrossing. Mice were genotyped at Transnetyx (Cordova, TN).

MEFs were prepared from E14.5-15.5 embryos from wt and Trim6” mice and
genotyped using previously described methods %, BMDCs were prepared as described °”.
Briefly, bone marrow cells collected from wt or Trim6”- mouse femurs were incubated with
20 ng/mL GM-CSF (Biolegend) for 6 days. On the sixth day, CD11b*" CD11c" cells were
sorted at 98% purity (BD FACSAria Fusion — UTMB Flow Cytometry and Cell Sorting
Core Lab).

Animal breeding, CRISPR-Cas9 knockout line generation, and mouse-derived
primary cells preparation was performed in accordance with the approved UTMB IACUC

protocols.

VIRUS INFECTIONS AND PLAQUE ASSAYS
Cells were plated in 10% FBS DMEM 16 hours prior to infection. The virus

inoculum was prepared in 2% FBS DMEM. A portion of the inoculate was saved for back
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titration. At the time of infection, the medium was removed and 100 uL of the inoculum
was added. The cells were incubated with the inoculum for 1 hour at 37°C, 5% CO2 and
rocked every 15 minutes. The cells were washed three times with 1X DPBS (Corning) to
remove the inoculum and fresh 2% FBS DMEM was added. At the indicated time points,
supernatants, protein, and RNA were collected for titration, immunoblot, and qPCR
respectively. An Olympus (IX73) microscope was used to take fluorescence and bright
field images.

Viral titers were determined by plaque assay on Vero (CCL-81) or VeroE6 (CRL-

1586) cells as previously described .

PLASMIDS

All plasmids used in the experiments are listed in Table 2.3. A brief description of
plasmid construction methods used to generate new plasmids is provided here. The K309G
and K309R mutations were cloned into both the untagged and FLAG-tagged VP35
plasmids using primers (Table 2.4) containing the appropriate point mutation and
restriction enzymes sequences. The different N- and C-terminal VP35 K-to-R mutants were
made with the primers listed in Table 2.1 and cloned into the untagged pCAGGS for full-
length (FL) and N-terminus constructs or FLAG-pCAGGS for FLAG-VP35-FL,N-, or C-
terminus constructs. To make the VP35 K-all-R mutant, we used a multistep approach to
generate a VP35 construct with all sixteen lysine residues mutated to arginine (Table 2.4).
In the first step, we introduced the K6, 119, 126, and 141-to-R mutations. Then we
introduced the K63,67-to-R mutations into the K6,119,126,141R construct using a two-
step PCR. We then made a separate construct that introduced the K184R and K282R

mutations, and this PCR product was cloned into the K6-141R mutant using the Agel and
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Xhol restriction sites. The K248R and K252R mutations were inserted into the K6-141,
184,282R construct using a two-step PCR using the K309R construct as a template with
the reverse primer encoding K319, 334, 339R mutations and the K6R forward primer.
Finally, we mutated K216- and 222-to-R in the mutant VP35 construct using a two-step
PCR. The VP35/K309R and -G constructs were amplified with primers (Table 2.4)
containing Kpnl and Notl restriction sites and sub-cloned using the corresponding
restriction enzymes into the His-Strep pQE TriSystem vector 1 (QIAGEN). A catalytically
inactive His-isopeptidase T (IsoT) plasmid was constructed using the primers listed in
Table 2.4. Using HA-TRIM6 wt or C15A pCAGGS plasmids as a template, we PCR
amplified these constructs with primers containing restriction sites Sgfl and Mlul to sub-
clone the products into pCMV6-FLAG-Myc vector (Table 2.4). The PCR reactions were
conducted using the AccuPrime Tag DNA Polymerase, high fidelity kit (Invitrogen). The
mutant plasmids sequences were confirmed using Sanger sequencing (UTMB Molecular

Genomics).

TRANSFECTIONS AND IMMUNOPRECIPITATIONS

293Ts were plated in 6-well plates (400,000 cells/well) in 10% FBS DMEM for 16
hours, followed by transfection using TransIT-LT1 (Mirus) following the manufacturer’s
recommendations. A549 wt or T6-KO cells we plated in 6-well plates (400,000 cells/well)
in 10% FBS DMEM for 16 hours followed by transfection using Lipofectamine 3000
(Thermo Scientific) and the media was changed 5-6 hours after transfection. Twenty-eight
hours after transfection, 293T or A549 cells were lysed in RIPA buffer with complete
protease inhibitor (Roche), n-ethylmaleimide (NEM), and iodoacetamide (IA) (RIPA

complete). Lysates were cleared at 25,200 g for 20 minutes at 4°C, and 10% of the clarified
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lysate was added to 2X Laemmli sample buffer (BioRad) with 5% beta-mercaptoethanol
(B-ME) and boiled at 95°C for 10 minutes to generate whole cell extracts (WCE). The
remaining clarified lysate was mixed with 7.5 uL of anti-HA-Agarose beads (Sigma) or
anti-FLAG-Agarose beads (Sigma) and incubated at 4°C overnight on a rotating platform.
For co-immunoprecipitation (IP) from infected cells, VeroE6 cells infected at an MOI of
0.01 PFU/cell were lysed in RIPA complete at 144 hpi. The clarified lysates were incubated
with 1 ug of anti-mouse-lIgG (BD Biosciences) or -VP35 (Kerafast) antibody and protein
A beads (Cytiva) overnight. The beads were washed seven times with RIPA buffer with
IA and NEM before boiling in 2X Laemmli buffer (HA and FLAG co-IP) or 65 uL RIPA
complete with 25 uL 4X NuPAGE LDS Sample buffer (Thermo Scientific) and 10 uL 10X

NuPAGE Sample Reducing Reagent (Thermo Scientific) (VP35/IgG co-IP).

PROTEIN PURIFICATION

To collect purified HA- or FLAG-tagged proteins, we transfected 293T cells and
IP with anti-HA or -FLAG beads as described above prior to peptide elution. After the
seven washes in 1X TBS-T, beads were washed once in peptide elution buffer (10 mM
TRIS pH 7.4 and 150 mM NacCl in nuclease free water (NF H20)) without peptide. The
protein was then eluted in 15 pL of peptide elution buffer with HA- (1 mg/mL) or FLAG-
(300 pg/mL) peptide three times. The peptide purified protein was aliquoted and stored at

-80°C until use.

IN VITRO UBIQUITIN BINDING ASSAY
To evaluate VP35’s interaction with free ubiquitin, we transfected 293 T cells with FLAG-

VP35, HA-NP, or empty vector for 30 hours and lysed cells in RIPA complete. Following
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IP with anti-FLAG beads, cells were washed seven times with RIPA with IA and NEM
then once with NT2. Following the NT2 wash, 200uL of fresh NT2 was added to the beads
along with 500ng of recombinant mono-Ub, K48-polyUb (2-7 ubiquitin molecules), or
K63-polyUb (2-7 ubiquitin molecules) (Boston Biochem). To check the input levels of Ub
for each sample, 20uL was added to laemmli before incubation. After incubation at 4°C on
a rotating platform overnight, the beads were washed seven times in NT2 before peptide
elution. We then added 15uLl of 4X laemmli with BME to the 45 ul of eluted protein and
boiled at 95°C for 10 minutes. Samples from WCE, Ub inputs, and eluted samples were

immunoblotted as described below.

IFNB LUCIFERASE PROMOTER ASSAY

293T cells were plated in a 96-well plate (20,000 cells/well) in 10% FBS DMEM
for 16 hours prior to transfection. For the IKKeg-induction experiment, cells were co-
transfected with 20 ng renilla (to normalize transfection efficiency), 50 ng IFNB-firefly
luciferase promoter, 2 ng FLAG-IKKe, and 5, 25, or 50 ng of empty vector or VP35-
wt/K309R/K309G plasmids. Twenty-four hours after transfection, the cells were lysed and
luciferase signal was measured using the Dual-Luciferase Reporter Assay System
(Promega) with a Cytation 5 reader (Biotek). For the dsSRNA-induction experiment, after
24 hours of plasmid transfection, high molecular weight (HMW) poly(1:C) (3.125 ug/mL)
was transfected with Lipofectamine 2000 (Invitrogen). The cells were lysed at 16 hours
after poly(l:C) transfection to measure luciferase. For both experiments, 30% of lysates

were collected and boiled in 4X Laemmli sample buffer (Bio-Rad).
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BioTIN POLY(I:C) BINDING

Biotin-labeled HMW poly(l:C), 500 ng, (InvivoGen) was allowed to bind
streptavidin-agarose beads (Sigma) in NT2 buffer overnight at 4°C on a rocking platform
and washed seven times in NT2 buffer to remove any unbound biotin-poly(l:C). FLAG-
peptide purified FLAG-VP35 was incubated with the biotin-poly(l:C) coated beads in 200
uL NT2 buffer for 4 hours at 4°C on a rocking platform. After seven washes in NT2 buffer,

the beads were boiled at 95°C in 2X Laemmli sample buffer for 10 minutes.

MINIGENOME ASSAY

The monocistronic minigenome construct 8, previously modified by replacement of
the chloramphenicol gene with the firefly luciferase gene 1, was kindly provided by Dr.
Elke Muhlberger (BU). The plasmids pCEZ-NP, pCEZ-VP35, pCEZ-VP30, pCEZ-L, and
pC-T7 % were kindly provided by Dr. Yoshihiro Kawaoka (UW). 293T cells were plated
(50,000 cells/well) onto 24-well plates in 10% FBS 1X DMEM for 16 hours, and co-
transfected with the following plasmids: EBOV minigenome (125 ng), pCEZ-VP30 (31.25
ng), pPCEZ-NP (62.5 ng), pCEZ-L (500 ng), pC-T7 polymerase (125 ng), 25 or 100 ng of
empty vector (p)CAGGS) or pPCAGGS-VP35 (wt, K309R, or K309G), and REN-Luc/pRL-
TK plasmid (20 ng; Promega) expressing Renilla luciferase used as an internal control to
normalize transfection efficiency. Fifty hours after transfection, the cells were lysed to
measure luciferase signal as described above. A portion of the lysate was boiled at 95°C

for 10 minutes in 4X Laemmli buffer to evaluate protein expression via immunoblot.

IFNB ELISA
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Supernatants from EBOV-infected A549 cells (MOI = 2.5 PFU/cell) were collected
at 48 hpi to measure IFN using the VeriKine human IFN-f enzyme-linked immunosorbent
assay (ELISA) kit (PBL Assay Science) according to the manufacturer’s instructions. The

limit of detection for the assay is 50 pg/ml.

WESTERN BLOTS

Protein samples were run on 4-15% or 7.5% Mini-PROTEAN- or Criterion-TGX
Precast Gels (Bio-Rad). The proteins were then transferred onto methanol-activated
Immun-Blot PVDF membrane (Bio-Rad), and the membrane was blocked in 5% Carnation
powdered skim milk (Nestle) in 1X TBS-T (blocking buffer) for 1 hour. Primary antibodies
were prepared in 2% bovine serum albumin 1X TBS-T with 0.02% sodium azide to the
appropriate dilution: anti-FLAG (Sigma) 1:2000, anti-HA (Sigma) 1:2000, anti-His
(Sigma) 1:2000, anti-VP35 (6C5 Kerafast) 1:1000, anti-NP (provided by Dr. Basler)
1:1000, anti-VP30 (provided by Dr. Basler) 1:1000, anti-VP24 (Sino Biological) 1:1000,
anti-VP40 (GeneTex) 1:1000, phosphorylated IRF3 S386 (Cell Signaling) 1:1000, total
IRF3 (Immuno-Biological) 1:1000, phosphorylated TBK1 S172 (Epitomics) 1:1000, total
TBK1 (Novus Biologicals) 1:1000, phosphorylated STAT1 Y701 (Cell Signaling) 1:1000,
total STAT1 (BD Biosciences) 1:1000, anti-ubiquitin (Enzo) 1:1000, anti-TRIM®6 (Sigma)
1:1000, anti-TRIM25/ERP (BD Biosciences), anti-tubulin (Sigma) 1:2000, and anti-actin
(Abcam) 1:2000. The next day, the blot was washed in 1X TBS-T prior to incubation with
HRP-conjugated goat-anti-rabbit (GE Healthcare) or goat-anti-mouse (GE health care) for
1 hour. The blot was then washed and developed using Pierce ECL Western Blotting

Substrate (Thermo Fisher) or SuperSignal West Femto Maximum Sensitivity Substrate
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(Thermo Scientific). For blot quantifications, the area under the curve (AUC) was

measured for each band of interest using ImageJ *7°.

RNA EXTRACTIONS AND QUANTITATIVE PCR

Cells were lysed in Trizol (Thermo Fisher) or Tri-reagent (Zymo Research) and
processed using the Direct-zol RNA kit (Zymo Research). For the standard gPCR
reactions, cDNA was synthesized using the High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems) following the manufacturer’s instructions. The qPCR master
mixes were prepared with iTag Universal SYBR Green (Bio-Rad). The gPCR reactions
were carried out using a CFX384 instrument (Bio-Rad). The relative mRNA expression
levels were analyzed using CFX Manager software (Bio-Rad). The change in the threshold
cycle (ACT) was calculated, with the 18S gene (human cells) or beta-actin (mouse cells)
serving as the reference mRNA for normalization. The primers used to assess gene
expression are listed in Table 2.5.

For the strand-specific PCR, 200 ng (MEF) or 500 ng (A549 and VeroE6) of RNA
was used for first-strand cDNA synthesis using the RevertAid First Strand cDNA Synthesis
kit (Thermo Scientific). Three different first-strand reactions were performed with a VRNA,
cRNA, or mRNA tagged primer (Table 2.6). Prior to use in the gPCR reaction, the samples
were diluted 1:5 in NF H20. To make the standards for quantification, minigenome plasmid
DNA (VRNA and cRNA) or cDNA made from VeroE6 cells infected with EBOV
(mRNAs) were cloned using the AccuPrime Tag DNA polymerase, high-fidelity kit
(primers are listed in Table 2.6). The forward (VRNA and mRNAS) or reverse (CRNA)
primers included the T7 polymerase site. After running the PCR product on a 0.7% agarose

1X TAE gel at 90 V for 1 hour, the DNA was extracted and purified using the QIAquick
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Gel Extraction Kit (QIAGEN) and used as a template for in vitro transcription with the
MEGAscript T7 Transcription Kit (Invitrogen). The RNA from the in vitro transcription
was purified with the Direct-zol RNA kit with the on-column DNA digestion and
quantified. In order to calculate the copy number with a standard curve, 1:10 dilutions
ranging from 10%°-10 of in vitro transcript cDNA was used in gPCR reactions (Table 2.6).
To enumerate the copy number of each viral RNA species in the infected samples, the
threshold cycle was plugged into the corresponding standard curve equation. To ensure the
total RNA was similar between samples, standard gPCR for 18S and/or EBOV was run on
cDNA generated with the high-capacity cDNA kit as described above. Limit of detection

and specificity assays were also run to validate the assay (Figure 2.1).

VIRUS PURIFICATION

Supernatants from a T75 flasks of VVeroE®6 cells infected at an MOI of 0.01 PFU/cell
were collected at 144 hpi for sucrose-gradient purification. The 15 mL of supernatant was
first clarified to remove cellular debris at 1000 g for 10 minutes before loading onto a 25%
sucrose cushion. The virus was then pelleted using SW32 rotors spun at ~82,000 g for 2
hours in a Beckman-Coulter L90K ultracentrifuge. The pelleted virus was resuspended in
1X STE buffer (10 mM Tris, 1 mM EDTA, 0.1 M NaCl) and loaded onto a 20-60% sucrose
gradient and spun at ~153,000 g for 1.5 hours in a SW41 rotor. The virus band was
collected, diluted in 1X STE buffer, and pelleted again in SW32 rotors at ~82,000 g for 1
hour. The pellet was resuspended in 500 uL of 1X STE buffer. All spins were conducted

at 4°C. Aliquots of the purified virus were used for RNA or protein isolation and titration.
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ATPASE ASSAY

Peptide purified FLAG-VP35 was incubated in ATPase buffer (20 mM Tris-HCI
pH 8.0, 1.5 mM MgCl, and 1.5 mM DTT in NF H20) with or without ATP (2.5 mM final
concentration) at 37°C for 30 minutes. Free phosphate was measured using the BIOMOL
Green (Enzo) reagent for phosphate detection and read with the Cytation5 (620 nm). A
standard curve was prepared with the provided phosphate standard according to the

manufacturer’s instructions.

STATISTICS

All analyses were performed in Graphpad Prism (Version 7.04). Heat maps were
also generated with Graphpad Prism. Statistical tests, measures of statistical significance,
and replication information are specified in the respective figure legends. Repeated
measures two-way ANOVA with Bonferroni’s post-test was applied for two factor
comparisons (kinetics experiments), one-way ANOVA with Tukey’s post-test was used

for comparing three or more groups, and a student’s t-test for comparing two groups.
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Primer Name Sequence
VP35 K309R F AGCTTGCCAGCGGAGCTTGCGTC
VP35 K309G F AGCTTGCCAGGGCAGCTTGCGTC
VP35R CGGGGAATGTCACCTCGA

Table 2.1 Oligonucleotides for introducing VP35/K309 mutations into pcDNA3

Primer sequences to generate mutations in the pcDNAS3 sub-clone used to introduce the
VP35/K309 mutations into the infectious clone that encodes rEBOV-eGFP.



Primer Name

Sequence

SgRNA Trim6 exon 2 TGATAGGAGGTCCGGCACAC

Trim6 F GCTGGGAAGGTAGGAGACGA

Trim6 R GAGATCGTTCACAAAGCCAG

Table 2.2 sgRNA and screening primers for Trim6-/- mice

sgRNA sequences used to generate Trim6™" mice and primer sequences used to screen for

knockout mice. Sequences are listed 5’ to 3°.
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Plasmid Name Vector Source

Untagged VP35 wild-type pCAGGS 67

Untagged VP35/K309R pCAGGS Sarah van Tol (UTMB)
Untagged VP35/K309G pCAGGS Sarah van Tol (UTMB)
Untagged VP35/K6R pCAGGS Sarah van Tol (UTMB)
Untagged VP35/K6.67R pCAGGS Sarah van Tol (UTMB)
Untagged VP35/K119.126.141R pCAGGS Sarah van Tol (UTMB)
Untagged VP35/K119R pCAGGS Sarah van Tol (UTMB)
Untagged VP35/K126R pCAGGS Sarah van Tol (UTMB)
Untagged VP35/K141R pCAGGS Sarah van Tol (UTMB)
Untagged VP35/K119.126R pCAGGS Sarah van Tol (UTMB)
Untagged VP35/K119.141R pCAGGS Sarah van Tol (UTMB)
Untagged VP35/K126.141R pCAGGS Sarah van Tol (UTMB)
Untagged VP35/K184.216R pCAGGS Sarah van Tol (UTMB)
Untagged VP35/K6-216R pCAGGS Sarah van Tol (UTMB)
Untagged VP35/K-all-R pCAGGS Sarah van Tol (UTMB)
FLAG-VP35 wild-type pCAGGS o7

FLAG-VP35/K309R pCAGGS Sarah van Tol (UTMB)
FLAG-VP35/K309G pCAGGS Sarah van Tol (UTMB)
FLAG-VP35/R225E pCAGGS Sarah van Tol (UTMB)
FLAG-VP35/R225K pCAGGS Sarah van Tol (UTMB)
FLAG-VP35/ wild-type N- pCAGGS From Chris Basler (Mount Sinai)
terminus

FLAG-VP35/K309R N-terminus pCAGGS Sarah van Tol (UTMB)
FLAG-VP35/K309G N-terminus pCAGGS Sarah van Tol (UTMB)
FLAG-VP35/K6R N-terminus pCAGGS Sarah van Tol (UTMB)
FLAG-VP35/K63,67R N-terminus | pPCAGGS Sarah van Tol (UTMB)
FLAG-VP35/K119.126.141R N- pCAGGS Sarah van Tol (UTMB)
terminus

FLAG-VP35/K184.216R N- pCAGGS Sarah van Tol (UTMB)
terminus

FLAG-VP35/K-all-R N-terminus pCAGGS Sarah van Tol (UTMB)
FLAG-VP35/wild-type C-terminus | pCAGGS 2

FLAG-VP35/K309R C-terminus pCAGGS Sarah van Tol (UTMB)
FLAG-VP35/K-all-R C-terminus pCAGGS Sarah van Tol (UTMB)
His-VP35 wild-type pQE-1 Sarah van Tol (UTMB)
His-VP35/K309R pQE-1 Sarah van Tol (UTMB)
His-VP35/K309G pQE-1 Sarah van Tol (UTMB)
VP35 wild-type subclone pcDNA3 "

VP35/K309R subclone pcDNA3 Bukreyev lab (UTMB)
VP35/K309G subclone pcDNA3 Bukreyev lab (UTMB)

EBOV-eGFP/VP35/WT

Full length clone

163

EBOV-eGFP/VP35/K309R

Full length clone

Bukreyev lab (UTMB)

EBOV-eGFP/VP35/K309G

Full length clone

Bukreyev lab (UTMB)
22

HA-L 1505 pCAGGS

HA-NP pCAGGS 2

HA-Ub pRK5 Addgene (Cat #18712)

HA-Ub K-all-R pRK5 Garcis-Sastre lab (Mount Sinai)
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HA-Ub AGG pCAGGS From Gijs Versteeg
(Garcis-Sastre lab, Mount Sinai)

HA-TRIM6 wild-type pCAGGS 89

HA-TRIM6 C15A pCAGGS 89

FLAG-TRIMG6 wild-type pCMV6 Sarah van Tol (UTMB)

FLAG-TRIM6 C15A pCMV6 Sarah van Tol (UTMB)

FLAG-IKKe wild-type pCAGGS 89

FLAG-IKKe K38A pCAGGS 89

FLAG-OTU wild-type pCAGGS 89

FLAG-OTU 2A pCAGGS 89

EBOV L pCEZ 169

EBOV NP pCEZ 169

EBOV VP30 pCEZ 169

EBOV minigenome-firefly p3E5EF.luc 168

luciferase

T7 polymerase pCEZ 169

Renilla luciferase

REN-Luc/pRL-
TK

Promega (Cat # E2241)

IFNB firefly luciferase promoter pIFNB fLuc 109

His-IsoT wild-type pcDNA-4C 89

His-1soT C335A pcDNA-4C Sarah van Tol (UTMB)

HA-TRIM25 pCAGGS 109

HA-TRIM5a. pLPCX 109

HA-TRIM21 pCAGGS 109

HA-TRIM22 pcDNA3.1(+) 109

HA-TRIM34 pLNCX?2 109

RFP-TRIM25 pCAGGS From Adolfo Garcia-Sastre Lab
(Mount Sinai)

GST Empty pEBG From Michaela Gack (Cleveland
Clinic)

GST-TRIM25-RING pEBG From Michaela Gack (Cleveland
Clinic)

GST-TRIM25-BB pEBG From Michaela Gack (Cleveland
Clinic)

GST-TRIM25-CC pPEBG From Michaela Gack (Cleveland
Clinic)

GST-TRIM25-SPRY pEBG From Michaela Gack(Cleveland

Clinic)

Table 2.3 List of plasmids used

List of plasmids used in all experiments. For each construct the name, vector, and source

are listed.
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Primer Name

Sequence

pCAGGS VP35 TATAATGCTAGCTCAAATTTTGAGTCCAAGTGTTTTACC
Nhel R ATCT

pCAGGS VP35 ATTTCTCGAGGTGACATTCCCCGAGCTTGCCAGAGAAGC
K309R Xhol F TTGCGTCCAGTCCCA

pCAGGS VP35 ATTATACTCGAGGTGACATTCCCCGAGCTTGCCAGGGA
K309G Xhol R AGCTTGCGTCCAGT

pQE-VP35 Kpnl F

ATTATAGGTACCATGACAACTAGAACAAAGGGCA

pQE-VP35 Notl R

TATAATGCGGCCGCAATTTTGAGTCCAAGTGTTTTACCA

VP35 N-C

Overlap CTAACTGAGGAAAATTTTGGGAGACCTGACATTTCGGC
K216,222R F AAGGGATTTGAGAAACATTATG

VP35 N-C

Overlap CATAATGTTTCTCAAATCCCTTGCCGAAATGTCAGGTCT
K216,222R R CCCAAAATTTTCCTCAGTTAG

VP35 K63,67 F

GCATCCCAAATGCAACAAACGAAGCCAAACCCGAAGAC
GCGCAACAGTCAAACCCAAAC

VP35 K63,67 R

GTTTGGGTTTGACTGTTGCGCGTCTTCGGGTTTGGCTTC
GTTTGTTGCATTTGGGATGC

VP35 K319,
334,339R Nhel R

AAGCTAGCTCAAATTCTGAGTCCAAGTGTTCTACCATCT
TGAAGCTGAAAAACACATACCCAACCTCGATCAATCCT
GGGCGATG

VP35
K119.126.141R
Agel R

AATAACCGGTTGTCATCACCAGAAGATCATATCTTGCAA
CCATCTCAGCACAAACCCTGTTC
AATGAGGAGATTGTTCTTGCCATATCATAAACTGGCCTT
AGACCATT

ATAATTACCGGTTGTCATCACCAGAAGATCATATTTTGC

VP35 K119R AACCATCTCAGCACAAACCCTGTTCAATGAGGAGATTG
Agel R TTTTTGCCATATCATAAACTGGCCTTAGACCATT

ATAATTACCGGTTGTCATCACCAGAAGATCATATTTTGC
VP35 K126R AACCATCTCAGCACAAACCCTGTTCAATGAGGAGATTG
Agel R TTCTTGCCATATCATAAACTGGCTTTAGACCATT

VP35 K141R Age
IR

ATAATTACCGGTTGTCATCACCAGAAGATCATATCTTGC
AACCATCTCAGCACAAACCCTGTTCAATGAGGAGATTG
TTTTTGCCATATCATAAACTGGCTTTAGACCATT

VP35 K119.126R
Agel R

ATAATTACCGGTTGTCATCACCAGAAGATCATATTTTGC
AACCATCTCAGCACAAACCCTGTTCAATGAGGAGATTG
TTCTTGCCATATCATAAACTGGCCTTAGACCATT

VP35 K119.141R
Agel R

ATAATTACCGGTTGTCATCACCAGAAGATCATATCTTGC
AACCATCTCAGCACAAACCCTGTTCAATGAGGAGATTG
TTTTTGCCATATCATAAACTGGCCTTAGACCATT

VP35 K126.141R
Agel R

ATAATTACCGGTTGTCATCACCAGAAGATCATATCTTGC
AACCATCTCAGCACAAACCCTGTTCAATGAGGAGATTG
TTCTTGCCATATCATAAACTGGCTTTAGACCATT
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VP35 K6R Notl F

TATTGCGGCCGCAATGACAACTAGAACAAGGGGCAGGG
GCCATACTGCGG

TATTCTCGAGAGCGGATGTGGATGACAGGTGGAGCAGC

K222,248,252R F

VP35 K282R ATCTTGGAAGATTGGAACTCTTCTTGTAATTTGAATTAG

Xhol R GGCACA
GCAAGGGATTTGAGAAACATTATGTATGATCACTTGCCT

VP35 GGTTTTGGAACTGCTTTCCACCAATTAGTACAAGTGATT

TGTAGATTGGGAAGAGATAGC

VP35
K222,248,252R R

GCTATCTCTTCCCAATCTACAAATCACTTGTACTAATTG
GTGGAAAGCAGTTCCAAAACCAGGCAAGTGATCATACA
TAATGTTTCTCAAATCCCTTGC

ACCGGTCGGGCAACAGCAACCGCTGCGGCAACTGAGGC

VP35 K184R TTATTGGGCCGAACATGGTCAACCACCACCTGGACCATC

Agel-F ACTTTATGAAGAAAGTGCGATTCGGGGTAGGATTGA

TRIM6 F pCMV

Sgfl ATTATAGCGATCGCCATGACTTCACCAGTACTGGTGGA

TRIM6 R pCMV | TATAATACGCGTAGAGCTTGGACGACGCAGGGTCAT

Mlu

IsoT BstEIl F ATTATAGGTGACCAGTGCAGTGGAGGCCCTACT

IsoT Afel R TATAATAGCGCTTTCAAGGCCTGGTCCCGGGAGA
ATCCGGAACCTGGGTAACAGCGCCTACCTCAACTCTGTG

IsoT C335A F GTCCAGGT
ACCTGGACCACAGAGTTGAGGTAGGCGCTGTTACCCAG

IsoT C335A R GTTCCGGAT

Table 2.4 Oligonucleotides to generate mutants

List of primers used to generate mutant plasmids. The name indicates the target, whether
the primer is forward (F) or reverse, the mutation encoded if applicable, and the restriction
site when applicable. The primer is listed 5’ to 3°.
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Primer Name Sequence

EBOV F TTTTCAATCCTCAACCGTAAGGC
EBOV R CAGTCCGGTCCCAGAATGTG
Human ifn-b F | TCTGGCACAACAGGTAGTAGGC
Human Ifn-b R | GAGAAGCACAACAGGAGAGCAA
Human ISG54 F | ATGTGCAACCCTACTGGCCTAT
Human ISG54 R | TGAGAGTCGGCCCAGTGATA
Human Mx1 F GGCTGTTTACCAGACTCCGACA
Human Mx1 R | CACAAAGCCTGGCAGCTCTCTA
Human ISG15 F | TCCTGGTGAGGAATAACAAGGG
Human ISG15 R | GTCAGCCAGAACAGGTCGTC
Human Ddx58 F | GGCATGTTACACAGCTGACG
Human Ddx58 R | TGCAATATCCTCCACCACAA

18S F GTAACCCGTTGAACCCCATT
18SR CCATCCAATCGGTAGTAGCG
Mouse Ifn-b F CAGTCCAAGAAAGGACGAAC
Mouse Ifn-b R GGCAGTGTAACTCTTCTGCAT
Mouse ISG54 F | CTGAGAGGGGAGTGGACTCTG
Mouse ISG54 R | GCACCTGCTTCATCCAAAGAT
Mouse ISG15 F | GCAAGCAGCCAGAAGCAGACTCC
Mouse ISG15 R | CGGACACCAGGAAATCGTTACCCC
Mouse Actin F | CGGTTCCGATGCCCTGAGGCTCTT
Mouse Actin R | CGTCACACTTCATGATGGAATTGA

Table 2.5 Oligonucleotides for standard quantitative PCR

List of primers used for quantitative PCR. The gene name indicates the species and target
gene. Sequences are listed 5° to 3°.
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Category Name Sequence
In vitro VRNA F CATAGTATCCTGATACTTGCAAAGGT
Transcription ggatcctaatacgactcactatagggTGGACACACAAAAAAGA
VRNA T7R AGAAATAGA
ggatcctaatacgactcactatagggCATAGTATCCTGATACTT
CRNAT7F GCAAAGGT
cRNAR TGGACACACAAAAAAGAAGAAATAGA
mMRNA R TTTTTTTTTTTTTTTTATAAT
ggatcctaatacgactcactatagggCTCCCGCAAGACGAGCAA
LmRNAT7F | CAAGATCAGGACCACACT
GGATCCTAATACGACTCACTATAGGG
NP mRNAT7F | GATGAAGGATGAGCCTGTAG
VP35 mRNA T7 | GGATCCTAATACGACTCACTATAGGG
F TCCGCTCTCGAGGTGACA
VP40 mRNA T7 | GGATCCTAATACGACTCACTATAGGG
F TCACCATGGTAATCACACA
VP24 mRNA T7 | GGATCCTAATACGACTCACTATAGGG
F ATGAGTCCACACTGAAAG
First-strand FS VRNA GGCCGTCATGGTGGCGAATagctttaacgaaaggtctgggete
CDNA synthesis GCTAGCTTCAGCTAGGCAT Cacacaaagattaaggctatcacc
FS cRNA g
CCAGATCGTTCGAGTCGTTTTTTTTTTTITTITTTCTT
FS mRNA AAT
Strand-specific | yRNA tag F GGCCGTCATGGTGGCGAAT
qPCR VRNA R acacaaagattaaggctatcaccg
cRNA F agctttaacgaaaggtctgggctc
cRNA tag R GCTAGCTTCAGCTAGGCATC
mRNA tag R CCAGATCGTTCGAGTCGT
L mRNA F ATTGCAATTGTGAAGAACGTTTC
NP mRNA F GATGAAGGATGAGCCTGTAG
NP mRNA R CCATGGTGGATATTCCTC
VP35 MRNAF | TCCGCTCTCGAGGTGACA
VP35 MRNAR | CAACCTCGATCAATCTTG
VP40 MRNAF | TCACCATGGTAATCACACA
VP40 mMRNAR | TTCTCAATCACAGCTGGAA
VP24 mRNAF | ATGAGTCCACACTGAAAG
VP24 MRNAR | GATAGCAAGAGAGCTATT

Table 2.6 Oligonucleotides to assess synthesis of Ebola virus RNA species

List of primers used for to generate in vitro transcripts, synthesize genomic RNA
(VRNA), complementary RNA (cRNA), or messenger RNA (MRNA) from RNA
samples, and strand-specific qPCR primers. The gene name indicates the target RNA
species or viral gene. Sequences are listed 5” to 3°.
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Figure 2.1 Validation of Ebola virus strand-specific quantitative PCR

(A) Representative standard curves for each viral RNA species tested, genomic RNA
(VRNA), anti-genomic RNA (cRNA), and NP, VP35, VP40, VP24, and L transcripts
(mRNA) run along with each strand-specific gPCR run. (B) Table of the limit of detection
(log1o copies) for each first-strand cDNA primer-in vitro transcript pair. (C) Graphical
representation of how cycle threshold cut off values were determined for each first-strand
primer/gPCR pair. (Figure reproduced with permission from van Tol et al., 2022)
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Chapter 3: Ubiquitination of VP35 at Lysine 309 Regulates Viral

Transcription and Assembly

A BASIC RESIDUE AND LACK OF UBIQUITINATION AT VP35/309 1S REQUIRED FOR
EFFICIENT IFN-I ANTAGONISM

To investigate the role(s) of VP35 K309 ubiquitination, we generated two mutants.
A lysine-to-arginine (K-to-R) mutant (K309R), intended to ablate Ub conjugation without
disrupting dsRNA binding and dsRNA-dependent IFN-I antagonism, and a K-to- glycine
(G) mutant (K309G), anticipated to lose both ubiquitination and IFN-I antagonism (Figure
3.1A). The substitution for a G, a small non-polar amino acid, is expected to disrupt the
basic charge without disturbing the dsRNA-binding domain’s structure, as has been
observed for other central basic patch mutants, R312A and K339A 1. The combined use
of these mutants is intended to disentangle the importance of ubiquitination from a basic
residue at position 309.

We first used purified FLAG-tagged VP35 (FLAG-VP35) to test the mutants’
capacity to bind dsRNA. As predicted, the wild-type (wt) and K309R VP35 proteins were
equivalent in their ability to bind dsRNA after a biotin-poly(l:C) pull-down (Figure 3.1B).
In contrast, VP35-K309G binding to dsSRNA was significantly decreased (approx. 50%,
Figure 3.1B). This same degree of attenuation has previously been observed with a VP35
K309A mutant .

We then confirmed that these mutations reduce the levels of ubiquitinated VP35.
In a co-immunoprecipitation assay (co-IP), after pulling down HA-tagged ubiquitin (HA-
Ub) from 293T cells co-expressing VP35, the band corresponding to Ub-conjugated wt

VP35 was not detected for the K309R and -G mutants (Figure 3.1C). When we pulled down
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VP35 from infected VeroE6 cells we observed a decrease in Ub immunoprecipitated with
VP35 (Figure 3.1D), confirming that VP35/309 is ubiquitinated during infection and either
K-to-R or -G mutation ablates this modification.

We then proceeded to evaluate the impact of the K309 mutations on IFN-I
antagonism. In line with the impaired dsRNA-binding, a low dose of VP35-K309G showed
significantly less IFN antagonism as compared to wt VP35 and VP35/K309R upon
stimulation with poly(I:C) in a IFNB-promoter luciferase assay (Figure 3.1E). Other basic
residues in the IFN-inhibitory domain (I11D) of VP35 that are also involved in dsSRNA
binding ®®"* likely contribute to the VP35/K309G’s antagonism at higher doses (Figure
3.1E).

VP35 also has the capacity to antagonize IFN-1 induction through dsRNA binding-
independent inhibition of the kinases TBK1 and IKKe %72 but the mechanism remains
elusive. Unexpectedly, VP35/K309G was also modestly impaired in the antagonism of
IKKe-induced IFNp-luciferase promoter activity (Figure 3.1F). The VP35/K309R
inhibited IFNf induction significantly more than wt VP35 at the highest dose (Figure 3.1F),
suggesting that ubiquitination on K309 may reduce the ability of VP35 to antagonize IFN
production. As previously reported 2, VP35 wt binds to the IKKe kinase mutant (K38A)
(Figure 3.1G). The reduced ability of VP35/K309G to interact with IKKe in a co-IP assay
can explain the reduced antagonism in the luciferase assay, but IKKe-binding for the
K309R mutant was not consistently affected (Figure 3.1G).

Overall, these results suggest that a substitution of either K-to-R or -G prevents

ubiquitination at position 309, but only the loss of a basic residue disrupts dsRNA binding
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and IFN-I antagonism. In addition, lack of ubiquitination on K309 may also increase the

ability of VP35 to antagonize IKKe-induced IFN production.
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Figure 3.1 A basic residue and lack of ubiquitination at VP35/309 is required for
most efficient IFN-1 antagonism

(A) VP35 K309 is located in the IFN-inhibitory domain and is involved in binding double-
stranded RNA (dsRNA) to prevent the activation of the host’s cytoplasmic RNA sensor
RIG-I and is ubiquitinated (white circle with ‘Ub’) at this position. Mutation of K309 to an
arginine (R) is predicted to prevent ubiquitination at this site without disrupting dsSRNA
binding due to the conservation of a basic residue. The glycine (G) mutant is predicted to
lose both ubiquitination and dsRNA binding, allowing enhanced activation of RIG-1, IRF3
phosphorylation (white circle with ‘P’), and downstream IFN-I induction. (B) Peptide
purified FLAG-VP35 WT and mutants were mixed with 500 ng biotin-poly(l:C), followed
by biotin pulldown. The quantification (ImageJ) represents data from three independent
experiments. The percent binding was calculated as follows: the ratio of VP35 bound to
poly(I:C) (IP) to the VP35 input levels for each VP35 construct was divided by the wt
VP35 ratio. (C) Whole cell extracts (WCE) from 293T cells co-expressing HA-Ub and
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untagged VP35 (wt, K309R, or K309G) were used for immunoprecipitation (IP) with anti-
HA beads. The presented western blot is representative of three independent experiments.
(D) Lysates (WCE) from mock or rEBOV-VP35/wt, -K309R, or -K309G infected VeroE6
cells were used for IP with 1gG (control) or anti-VP35 antibody, followed by immunoblot.
The presented western blot is representative of two independent blots. (E) 293T cells were
transfected with IFNP luciferase reporter and Renilla luciferase plasmid and transfected 24
hours later with 3.125 ug/mL high molecular weight (HMW) poly(I:C). The ratio of firefly
luciferase (IFNB promoter activity) to renilla luciferase (transfection efficiency
normalization) luminance was measured for each VP35 construct in the presence and
absence of poly(l:C) stimulation. The percent activity relative to empty vector is presented.
The quantification is from three independent experiments conducted in biological
triplicate, and the IB is representative of the corresponding lysates. (F) As in E, but 2 ng
IKKe was transfected along with the luciferase plasmids. The ratio of firefly luciferase
(IFNB promoter activity) to renilla luciferase (transfection efficiency normalization)
luminance was measured for each VP35 construct in the presence and absence of IKKe
over-expression. The percent activity relative to empty vector is presented. The
quantification is from two independent experiments conducted in biological triplicate, and
the IB is representative of the corresponding lysates. (G) Untagged VP35 constructs were
incubated with FLAG-IKKe K38A, and lysates were immunoprecipitated with anti-FLAG-
beads. The quantification (ImagelJ) represents three independent experiments. The binding
ratio ((IP: VP35/FLAG-IKKe K38A)/(WCE: (VP35/FLAG-IKKe K38A)/Tubulin)) for
each VP35 construct was divided by wt VP35’s ratio to determine percent binding.
Analysis was done using a one-way ANOVA with Tukey’s post-test for comparison
between groups. P-value: *<0.05, ***<0.001, ****<0.0001. (Figure reproduced with
permission from van Tol et al., 2022)
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IMPAIRMENT OF TRIM6-MEDIATED VP35/K309 UBIQUITINATION ATTENUATES EBOV
REPLICATION

To assess how the loss of ubiquitination at VP35/K309 affects EBOV replication,
we generated recombinant EBOV (rEBOV, expressing eGFP) mutant viruses bearing the
K309G or -R mutations. Since we have shown that ubiquitination on K309 promotes VP35
activity as the co-factor of the viral polymerase ’°, we expected both mutants to be
attenuated due to loss of ubiquitination and that the K309G mutant would be more severely
affected due to loss of full IFN antagonism activity.

IFN-competent A549 cells were infected with the recombinant viruses at a
multiplicity of infection (MOI) of 0.01 plague-forming units (PFU) per cell to evaluate
multiple cycles of replication. As predicted, both of the rEBOV-VP35/K309 mutants were
significantly attenuated compared to the wt virus, but the K309G showed the stronger
attenuation (Figure 3.2A). This was also reflected in quantification of viral RNA
expression (Figure 3.2B) and viral replication monitored by fluorescence microscopy
(Figure 3.2C). Similarly, both mutant viruses were also attenuated when infecting A549
cells in a single-cycle replication kinetics experiment (MOI = 2.5 PFU/cell) (Figure 3.2D-
G). The EBOV RNA levels (Figure 3.2E), and the GFP signal (Figure 3.2F) also largely
reflect these differences in titer. Attenuation of the rEBOV-VP35/K309 mutants is also
observed in IFN-1 competent primary MEFs (Figure 3.2 H-J). Overall, at the time point
corresponding to the peak titer for wt virus, the K309R mutant was attenuated 0.8 or 0.5
logio and the K309G mutant was attenuated 3.1 or 2.7 logio when inoculated at an MOI of
0.01 or 2.5 PFU/cell, respectively (Figure 3.2K).

We next sought to confirm that additional attenuation of rEBOV-VP35/K309G is

attributable to its impaired IFN-I antagonism. The induction of IFN transcription (qPCR,
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Figure 3.3A and 3.3B) and secreted IFNfB (ELISA, Figure 3.3C) was higher in K309G-
infected cells and lower in K309R-infected cells as compared to wt-infected cells.
Induction of the IFN-stimulated genes (ISG) ISG54, Mx1, ISG15, and Ddx58 (the gene
that encodes for RIG-I), showed similar dynamics to IFN expression with the K309G
highest and the K309R lowest (Figure 3.3D and 3.3E). Similar patterns in IFNf and ISG
transcription were also observed during infection in primary MEFs (Figure 3.3F).
Consistent with the gqRT-PCR and ELISA data, activated TBK1 (pTBK1 S172), IRF3
(pIRF3 S396), and STAT1 (pSTAT1 Y701) were detected at higher levels at 24 hpi in
K309G infected cells than wt-infected cells (Figure 3.3G). The K309R infected cells were
depressed in TBK1, IRF3, and STATL activation and lagged in the induction of total
STAT1 (an ISG) compared to wt-infected cells (Figure 3.3G).

To test the dependency of the attenuation on TRIM6, we infected wt or TRIM6
knockout cells " (T6-KO) with wt or mutant viruses. The wt virus was attenuated in the
T6-KO A549 cells at low (0.01) (Figure 3.4 A-C) and high (2.5) MOI (Figure 3.4 D-F),
but the K309 mutants were not additionally attenuated at peak titers. Similar results were
observed during infection of primary bone marrow-derived dendritic cells (BMDCs) from
newly generated Trim6” mice (Figure 3.5A and 3.5B). Early during infection, before virus
could be detected in supernatants, we measured EBOV genome copy number and observed
significantly less viral RNA for the wt virus in T6-KO cells but not the K309 mutants
(Figure 3.5A). We then measured viral titer later during infection in supernatants from wt
or Trim6”- BMDCs infected with either the wt or K309R virus. Consistent with the results
described above, the wt virus replicated significantly less in Trim6” cells as compared to

wt BMDCs, whereas the K309R virus replicated to comparable levels in wt and Trim6™"
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BMDCs (Figure 3.5B). This furthers supports a role for TRIM6 and an intact K309 residue
in efficient EBOV replication.

To evaluate whether any IFN-independent factors contributed to the difference in
viral load between the K309R and -G mutants, we assessed infection kinetics in IFN-
incompetent cells. We expected that during infection of VeroES6, cells incapable of IFN-I
production, the replication of both mutants would be attenuated compared to wt but the
difference between the mutant viruses observed in IFN-competent cells would be
diminished. As predicted, both mutant viruses were attenuated compared to wt, however,
the K309G mutant was more attenuated than the K309R mutant in both multi-cycle (Figure
3.6A and 3.6B) and single cycle (Figure 3.6C and 3.6D) kinetics experiments. The degree
of attenuation of the K309R mutant in VeroE6 cells (0.8 and 0.5 logio) at the time point
corresponding to the peak titer for wt virus was equivalent to that observed in the A549
cells (Figure 3.2K and 3.6E). In contrast, the K309G mutant is less severely attenuated in
VeroE6 cells (1.8 and 1.2 logio) than in A549 cells (3.1 and 2.7 logio) (Figure 3.2K and
3.6E), indicating that the attenuation of the K309G mutant virus is attributable, partially,
to the reduced IFN antagonism function.

Overall, the replication Kinetics experiments in the IFN-I incompetent and
competent cells support that TRIM6-mediated ubiquitination of VP35/K309 promotes viral
replication. The results of these experiments are also consistent with our experiments
showing IFN antagonism is compromised for the K309G but bolstered for the K309R
mutant. The unexpected additional attenuation of the K309G mutant in IFN-1 incompetent

cells suggests that a basic residue at this position is important for an additional function.
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Figure 3.2 The replication of rEBOV-VP35/K309R and -G mutants is attenuated in
IFN-competent cells

A549 cells (A-G) or murine embryonic fibroblasts (MEFs) (H-J) were mock infected (grey)
or infected in triplicate wells with rEBOV-eGFP-VP35/wt (black), -K309R (blue), or -
K309G (red) at an MOI of 0.01 (A-C) or 2.5 PFU/cell (D-G). At different time points,
supernatants were collected for virus titration (A, D, G, H). The limit of detection (LOD)
for the titrations (10 PFU/mL) is indicated (black line). Cells were lysed in TRIzol to isolate
RNA and qPCR was performed for EBOV RNA (B, D, I). Cycle threshold values for
EBOV RNA were normalized to 18S (A549) or actin (MEF) cycle threshold values. The
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fluorescence microscopy images (GFP) are representative of the three images taken (C, F,
J). The difference in titer (logio) between the mutant and wt viruses at the time point
corresponding to the wt peak titer is summarized (K). The titration (A, D, G, H), gRT-PCR
(B, E, I) were done in biological triplicate and are representative of two independent
experiments. The data analysis was done using a two-way ANOVA (A, B, D, H) or one-
way ANOVA (G, 1) with Bonferroni’s or Tukey’s post-test for comparison between
groups, respectively. P-value: *<0.05, **< 0.01, ***<0.001, ****<0.0001. For two-way
ANOVA with Bonferroni’s post-test statistical analysis, the non-significant differences (P>
0.05) are not indicated on the graph to prevent cluttering. Red and blue stars represent
K309G and K309R comparison to wt, respectively. (Figure reproduced with permission
from van Tol et al., 2022)
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Figure 3.3 The rEBOV-VP35/K309G mutant is impaired in IFN-I antagonism
during infection

A549 cells (A-E, G) or murine embryonic fibroblasts (MEFs) (F) were mock infected
(grey) or infected in triplicate wells with rEBOV-eGFP-VP35/wt (black), -K309R (blue),
or -K309G (red) at an MOI of 0.01 (A-C) or 2.5 PFU/cell (D-G). Cells were lysed in either
TRIzol for RNA analysis (A, B, D-F) and relative expression of IFNf mRNA (A, B, F) or
ISG mRNAs (D, E, F) was determined by normalizing the cycle threshold values for genes
of interest to 18S (A549) or actin (MEF) cycle threshold values. Supernatants from infected
A549 cells were collected in biological triplicate at 48 hours post-infection (hpi) to measure
IFNB by ELISA (limit of detection (LOD) 50 pg/mL) (C). Cells were lysed in Laemmli
buffer for immunoblot analysis (G). The area under the curve (AUC) for each protein was
calculated using ImageJ to determine the relative activation of the interferon pathway
requlators TBK1, IRF3, and STAT1 (phosphorylated protein/(respective total
protein/tubulin)) was normalized to the activation levels in wt-infected cells. The western
blots are representative of two independent experiments run in triplicate. The data analysis
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was done using a two-way ANOVA (A, D) or one-way ANOVA (B, C, E-G) with
Bonferroni’s or Tukey’s post-test for comparison between groups, respectively. P-value:
*<0.05, **< 0.01, ***<0.001, ****<0.0001. For two-way ANOVA with Bonferroni’s
post-test statistical analysis, the non-significant differences (P> 0.05) are not indicated on
the graph to prevent cluttering. Red and blue stars represent K309G and K309R
comparison to wt, respectively. (Figure reproduced with permission from van Tol et al.,
2022)
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Figure 3.4 TRIM6-mediated VP35/K309 ubiquitination is required for efficient
replication
Wild-type (WT) or TRIM6 knockout (T6-KO) A549 cells were infected with rEBOV-
eGFP/VP35-wt, -K309R, or -K309G at a multiplicity of infection (MOI) of 0.01 PFU/cell
(A-C) or 2.5 PFU/cell (D-F). The time points corresponding to the peak titer for wt
virus,120 hours post-infection (hpi) for MOI 0.01 (A) and 72 hpi for MOI 2.5 (B) are
graphed separately to demonstrate the differences more clearly. The limit of detection
(LOD), 10 PFU/mL, is indicated. Fluorescence images representative of three independent
wells corresponding to an MOI of 0.01 PFU/cell (C) or 2.5 PFU/cell (E). The data analysis
was done using a one-way ANOVA with Tukey’s post-test (A and D) or two-way ANOVA
with Bonferroni’s post-test (B and E). P-value: *<0.05, **<0.01, ****<0.0001, and ns, not
significant (p> 0.05). (Figure reproduced with permission from van Tol et al., 2022)
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Figure 3.5 Attenuation of the rEBOV-VP35/K309R mutant is TRIM6-dependent in
primary dendritic cells

Cell-sorted CD11b*CD11c* bone marrow-derived dendritic cells (BMDCs) from WT or
Trim6” mice were infected with rEBOV-eGFP/VP35-wt, -K309R, or -K309G. (A) At 24
hours, RNA was collected for strand-specific gPCR for viral genomic RNA (VRNA). (B)
Titer from WT or Trim6”- BMDCs infected with rEBOV-eGFP/VP35-wt or -K309R at an
MOI of 0.5 PFU/cell for 96 hours. Samples for both strand-specific gPCR and titration
were collected in biological triplicate. The data analysis was done using two-way ANOVA
with Bonferroni’s post-test (A and B). P-value: **<0.01, ****<0.0001, and ns, not
significant (p> 0.05). (Figure reproduced with permission from van Tol et al., 2022)
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Figure 3.6 The replication of rEBOV-VP35/K309R and -G mutants is attenuated in
IFN-incompetent cells

VeroE®6 cells were mock infected (grey) or infected with rEBOV-eGFP-VP35/wt (black),
-K309R (blue), or -K309G (red) viruses at an MOI of 0.01 (A-B) or 1.0 PFU/cell (C-D).
The fluorescence microscopy images (GFP) are representative of the three images taken
(B and D). The limit of detection (LOD), 10 PFU/mL, is indicted (A and C). (E) The
difference in titer (logio) between the mutant and wt viruses at the time point corresponding
to the wt peak titer is summarized. The titrations were collected in biological triplicate (A,
C). The data analysis was done using a two-way ANOVA (A and B) with Bonferonni’s
post-test for comparison between groups. P-value: *<0.05, ***<0.001, ****<0.0001. Red
and blue stars represent K309G and K309R comparison to wt, respectively. Non-
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significant differences, P-value >0.05, are not indicated to prevent cluttering on the image.
(Figure reproduced with permission from van Tol et al., 2022)
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UBIQUITINATION OF VP35/K309 ENHANCES VIRAL TRANSCRIPTASE ACTIVITY

Due to the observed attenuation of the rEBOV-VP35/K309R and -G mutant viruses
in the IFN-I incompetent cells (Figure 3.6) and our previous finding that EBOV replication
is impaired in TRIM6-KO cells °, we hypothesized that ubiquitination of VP35’s K309 is
important for VP35’s polymerase co-factor activity. To test this, we used a monocistronic
firefly luciferase expressing minigenome system 6! co-transfected with wt or mutant
VP35 plasmid. Both the VP35/K309R and -G mutants possessed equivalent polymerase
co-factor activities at the lower dose (25 ng) (Figure 3.7A), used to mimic polymerase
activity early during infection when the NP:VP35 ratio is higher. However, the mutants’
activity was decreased approximately 50% compared to wt VP35 when using a higher dose
(100 ng) (Figure 3.7A). This result supports that ubiquitination of VP35 at K309 promotes
polymerase co-factor activity.

We then sought to examine the molecular mechanism by which ubiquitination of
VP35 affects the viral polymerase’s function. Since the luciferase readout for this
minigenome system cannot differentiate between the products of viral replication and
transcription, we used a strand-specific gPCR to quantify the different viral RNA species
during infection 8172, The strand-specific strategy’s use of tagged primers enables the
specific transcription of viral vVRNA, cRNA, or mRNAs during the reverse transcription
step of cDNA synthesis (Figure 3.7B). We measured the specific viral RNA species at 48
hr in infected A549 cells, because the total viral RNA of wt and mutant viruses is similar
at this time point (Figure 3.7B), allowing comparison of specific viral RNA species without
bias from the viral attenuation observed at later time points. The strand-specific analysis

showed that both K309 mutants had decreased levels of L mRNA (70%), and only minimal
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effects were observed in the VRNA and cRNA compared to wt virus (Figure 3.7C),
suggesting that ubiquitination on VP35/K309 promotes efficient viral transcription.

To account for the potential effects of IFN in the attenuation of the mutant viruses
and low levels of viral RNA present in the tested A549 samples, we evaluated the strand-
specific RNA production in VeroE6 cells (MOI = 1.0 PFU/cell). We also measured the NP,
VP35, VP30, and VP24 mRNAs in addition to L mRNA to assess whether changes in
MRNA production differ along the transcriptional gradient (Figure 3.7B). Since the viral
polymerase can only initiate transcription at the 3” end of the genome and re-initiates at the
next transcription start site without falling off, a 3°-to-5’ transcription gradient is generated
with NP and L being the most and least abundant transcripts, respectively 8. At 24 hpi,
the copy number for vVRNA and cRNA of the rEBOV-VP35/K309 mutants do not differ
from the wt virus (Figure 3.7D). For EBOV genes NP, VP35 and VP24 the mRNA copy
number was significantly lower for K309R as compared to wt, but not for K309G (Figure
3.7D). The copy numbers for VP40 and L transcripts were significantly lower for both
mutants as compared to wt (Figure 3.7D). When looking at the ratios of copies for each
RNA species relative to wt, the K309R mutant is more strongly affected than the K309G
mutant and the 5> most gene, L, is the most strongly affected for both mutants (Figure
3.7E). Later in infection (72 hpi), the production of VRNA, cRNA, and all mMRNAs, except
NP, was lower for the K309 mutant viruses than wt (Figures 3.7F and 3.7G). For both time
points, the severity of the transcriptional impairment was more pronounced for the genes
on the 5’ end of the genome (L > VP24, VP40, VP35 > NP) (Figures 3.7D-G). With
standard qPCR, which does not differentiate the viral RNA species, viral RNA did not

differ among the viruses at 24 hpi but was significantly lower for both mutants as compared

60



to wt at 72 hpi (Figure 3.7H). The increasing defect along the transcriptional gradient
suggests that ubiquitination at K309 improves the polymerase’s transcriptase function or
stability when functioning as a transcriptase.

Since we previously reported that TRIMG is responsible for ubiquitination on K309
® and TRIMG affects viral replication in a K309-dependent manner (Figures 3.4 and 3.5),
we assessed the synthesis of the different viral RNA species in T6-KO cells. As observed
in the VVeroE6 cells with the K309 mutants, the levels of VRNA, cRNA, and NP mRNA did
not differ between the wt and T6-KO cells (Figure 3.8A). The significant decrease in other
viral mMRNAs in the T6-KO cells followed a similar pattern to the VP35/309 mutant viruses
with the degree of impairment increasing along the transcriptional gradient (L > VP24,
VP40 > VVP35) (Figure 3.8B). Similar results were observed in primary MEFs from Trim6"
" mice infected with wt virus (Figures 3.8C and 3.8D).

We then evaluated whether the defect in viral transcription correlated with viral
protein production. In wt and K309R-infected A549 cells, NP, VP35, and VP24 were
similarly expressed, but VP40 and VP30 levels were substantially lower in K309R-infected
cells (Figure 3.9A). No viral protein was detectable in K309G-infected A549 cells (Figure
3.9A). In VeroES6, as observed with the viral transcripts in the strand-specific gPCR, the
viral protein expression was attenuated for both mutants with an increasing defect along
the 3°-t0-5’ gradient, with the exception of VP24 which was affected less than VP40 (VP30
> VP40 > VP35, VP24 > NP) (Figure 3.9B). Interestingly, VP30 protein production was
attenuated more strongly for the K309R mutant than for the K309G mutant (Figure 3.9B).

Since the viral transcription factor is expressed measurably less by the mutants, VP30’s
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reduced presence could perpetuate the effects of a lack of VP35 ubiquitination across

multiple cycles of replication.
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Figure 3.7 Ubiquitination of VP35/309 enhances viral transcriptase function

(A) Minigenome components (renilla, VP30, NP, L, T7 polymerase, and EBOV
minigenome luciferase plasmid) were co-expressed with 25 or 100 ng of empty vector
(pPCAGGS) or VP35/wt, -K309R, or K309G in 293T cells. At 50 hours post-transfection,
the cells were lysed to measure luciferase and evaluate protein expression. Quantification
is from two independent experiments conducted in biological triplicate. (B) Graphical
representation of the EBOV genome and the strand-specific g°PCR approach. (C) A549
cells were infected with rEBOV-eGFP-VP35/wt (black), -K309R (blue), or -K309G (red)
viruses at an MOI of 0.01 PFU/cell for 48 hours and RNA was collected for strand-specific
gRT-PCR (triplicates). (D) VeroE6 cells were mock (grey) treated or infected with rEBOV-
eGFP-VP35/wt, -K309R, or -K309G viruses at an MOI of 1.0 PFU/cell for 24 hours and
RNA was collected for strand-specific qRT-PCR (three biological replicates from two
independent experiments with qRT-PCR run in triplicate). (E) Heat map representing the
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ratio of copy number relative to wt for each viral RNA species corresponding to the data
presented in panel D. (F) VeroE6 cells were infected with rEBOV-eGFP-VP35/wt (black),
-K309R (blue), or -K309G (red) at an MOI of 1.0 PFU/cell for 72 hours and RNA was
collected for strand-specific qRT-PCR (two biological replicates run in triplicate). (G) Heat
map representing the ratio of copy number relative to wt for each viral RNA species
corresponding to the data presented in panel F. (H) Standard qPCR for viral RNA of
VeroE6 cells at 24, 48, and 72 hpi (corresponding to the Figure 3.6.C in biological
triplicate). The EBOV RNA cycle threshold was normalized to the 18S cycle threshold
value. The data analysis was done using a one-way ANOVA with Tukey’s post-test (A, C,
D, F) or a two-way ANOVA with Bonferonni’s post-test (H) for comparison between
groups. P-value: *<0.05, **<0.01, ***<0.001, ****<0.0001; ns, not significant (p>0.05).
(Figure reproduced with permission from van Tol et al., 2022)
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Figure 3.8 TRIMG regulates viral transcriptase function

(A) WT (black) or TRIM6-knockout (T6-KO) (green) A549 cells were infected with
rEBOV-eGFP-VP35/wt at an MOI of 2.5 PFU/cell for 24 hours and RNA was collected
for strand-specific qRT-PCR (triplicates). (B) Heat map representing the ratio of copy
number relative to wt for each viral RNA species corresponding to the data presented in
panel A. (D) WT (black) or Trim6-/- (green) murine embryonic fibroblasts (MEFs) were
infected with rEBOV-eGFP-VP35/wt at an MOI of 10.0 PFU/cell for 96 hours and RNA
was collected for strand-specific qRT-PCR (triplicates). (E) Heat map representing the
ratio of copy number relative to wt for each viral RNA species corresponding to the data
presented in panel D. The data analysis was done using a student’s t-test (A and C). P-
value: * <0.05, **<0.01, ***<0.001, ****<0.0001; ns, not significant (p>0.05). (Figure
reproduced with permission from van Tol et al., 2022)
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Figure 3.9 Viral protein synthesis is dysregulated in the absence of VP35/K309
ubiquitination

Protein lysates from A549 (A) or VeroE6 cells (B) infected with rEBOV-eGFP-VP35/wt,
-K309R, or -K309G at an MOI of 0.01 PFU/cell, or mock-infected, were analyzed for the

time-course expression of viral proteins. (Figure reproduced with permission from van Tol
etal., 2022)
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MUTATION OF VP35/309 DYSREGULATES VP35°S INTERACTION WITH EBOV PROTEINS
BUT NOT BINDING WITH TRIMG6 OR ITSELF

Due to the observed defect in polymerase co-factor activity for both VVP35/309
mutants (Figure 3.7A), and because TRIMG is able to facilitate ubiquitination of VP35 7°,
we evaluated the capacity of the VP35 mutants to interact with TRIM6 and viral proteins
critical for polymerase function. Co-IP experiments showed that wt and the VVP35/309
mutants interact with similar efficiencies with HA-TRIM®6 (Figure 3.10A). The similar
binding of the mutants indicates that neither ubiquitination nor a basic residue at VP35/309
are required to interact with TRIM®.

Since oligomerization regulates multiple VP35 functions 212733171 we also
assessed whether mutation of K309 impacts self-interaction. We co-expressed His-tagged
VP35 with the corresponding FLAG-tagged VP35 construct, and the Co-IP experiment
showed no obvious defect in self-interaction (Figure 3.10B).

To test for the interaction of VP35 with L, we used an HA-tagged N-terminal
construct of L (HA-L1-s05 22). The N-terminus of L is sufficient to interact with VP35 20,
Pulldown of HA-L1.505, following co-transfection with VP35, showed impaired interaction
with the VP35/309 mutants compared to wt (Figure 3.10C). The L-VP35 interaction was
disrupted to a similar degree between the K309R and -G mutants implying that
ubiquitination, rather than a basic residue, is needed for high-affinity binding. TRIM®6 is
required for this L-VP35 interaction because ectopic expression of wt VP35 and HA-L 1505
resulted in significantly less VP35 binding to L in T6-KO as compared to wt A549 cells
(Figure 3.10D). We also observe endogenous TRIM6 being pulled down with HA-L1.50s,
suggesting that VP35, L and TRIM6 may form complex (Figure 3.10D). To further test the

dependence of TRIM6-mediated VP35 ubiquitination, we co-transfected T6-KO A549
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cells with wt VP35 and HA-L1s0s in the presence of wt or a catalytic TRIM6 mutant
(C15A) that is unable to ligate ubiquitin onto its targets °%. We observed that
reconstitution with the wt, but not the C15A mutant, enhanced (10-fold) VP35’s interaction
with L (Figure 3.10E).

Interactions between VP35 and NP are required for coupling viral replication with
NP encapsidation of the nascent VRNA or cRNA, chaperoning free NP (NP°) to prevent
pre-mature NP-RNA interaction, and assembling the nucleocapsids 224, Further, VP35 has
two distinct NP-interacting regions, one in the N-terminus 2>?* and the other in the C-
terminus 22. Due to the complexity of NP-VP35 interactions, we tested how ablation of
K309 ubiquitination affects their binding in a cell-free environment. To test binding in
vitro, lysates from FLAG-VP35 (wt, K309R, or K309G) or empty vector transfected cells
were added to FLAG-beads and washed prior to the addition of purified HA-NP.
Interestingly, HA-NP bound the FLAG-VP35/K309R mutant approximately 2.5-fold more
efficiently than wt FLAG-VP35, but the FLAG-VP35/K309G-HA-NP interaction did not
differ from wt VP35 (Figure 3.11A), suggesting that lack of ubiquitination on VP35/309
while retaining the basic residue increases interaction with NP. To test the dependence of
TRIMG6 on this phenotype, we co-transfected wt VP35 and HA-NP in wt and T6-KO cells.
As expected, the amount of VP35 bound to NP is higher (6-fold) in T6-KO cells (Figure
3.11B).

To test the importance of ubiquitination of VP35/309 more directly, and to rule out
any minor effects due to structural changes of the K-to-R mutation, we used the ovarian
tumor deubiquitinase (OTU) of Crimean-Congo hemorrhagic fever virus ' which

removes endogenous Ub from modified proteins and has been used previously to
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demonstrate functions of ubiquitinated proteins 89110174 "\We used the OTU to remove
endogenous Ub from VP35 wt prior to incubation with HA-NP-coated beads in vitro
(Figure 3.11C). As expected, we observed more Ub associated with wt- than K309R VP35
immunoprecipitated with an anti-VP35 antibody, and the wt OTU was able to remove all
the ubiquitin associated with VP35 (Figures 3.11D and 3.11E). VP35 was co-expressed
with wt FLAG-OTU or a catalytically impaired mutant (FLAG-OTU-2A). The OTU
activity was inactivated upon lysis with the deubiquitinase inhibitor N-ethylamine (NEM),
and the lysates were mixed with HA-beads containing HA-NP purified from separate
lysates. Consistent with the in vitro NP-VP35 interaction experiment, VP35 K309R
binding to HA-NP was stronger (5-fold) than wt VP35 in the absence of OTU (Figures
3.11D and 3.11F). Co-expression with OTU-wt increased (5-fold) the amount of VP35 wt
that bound HA-NP to a similar level as the untreated K309R mutant (Figures 3.11D and
3.11F). In contrast, co-expression with the catalytically inactive OTU-2A mutant had only
minimal effects on VP35 wt’s binding to HA-NP (Figures 3.11D and 3.11F), confirming
that the lack of ubiquitin on VP35/K309 facilitates interaction with NP. The OTU co-
expression did not impact the K309R mutant’s interaction with NP (Figures 3.11D and
3.11F), suggesting that VP35/K309 ubiquitination is responsible for impeding full
interaction with NP. Further, we did not observe a significant increase in the binding of a
K-all-R VP35 mutant, which has all sixteen of its lysine residues mutated to arginine to
completely prevent Ub conjugation onto VP35, to NP compared to K309R VP35
supporting that ubiquitination on K309 is responsible for impeding NP binding (Figures

3.11D and 3.11F).
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We also evaluated VP35’s interaction with viral proteins during infection in
VeroEG6 cells. The K309G, but not the K309R, mutant was impaired in its interaction with
NP, VP30, and VP40 compared to wt VP35 (Figure 3.12). Both VVP35/309 ubiquitination
and a basic residue are important for interaction with VP24, as lack of ubiquitin increased
(K309R) and loss of a basic residue (K309G) decreased this interaction (Figure 3.12). The
differential interaction between VP35 and viral proteins associated with mature
nucleocapsid formation and budding, VP24 and VP40, may contribute to the excess
attenuation of K309G mutant when infecting IFN-I incompetent cells (Figures 3.6A and

3.6C).
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Figure 3.10 Mutation of VP35 at K309 dysregulates VP35’s interaction with the
EBOV polymerase but not TRIM®6 or itself

(A) Lysates (WCE) and HA-immunoprecipitation (IP) from 293T cells co-transfected with
untagged VP35 (wt, K309R, or K309G) with HA-TRIM®6 or pCAGGS (empty vector). The
quantification is based on immunoblot densitometry (area under the curve) determined
using ImageJ from three independent experiments. The binding ratio ((IP: VP35/HA-
TRIM6)/(WCE: (VP35/HA-TRIMG6)/Tubulin)) for each VP35 construct was divided by wt
VP35’s ratio to determine relative binding. (B) 293T cells were co-transfected with His- or
FLAG-tagged VP35 and FLAG IPs were performed. The quantification is based on AUC
determined using ImageJ from three independent experiments. The binding ratio ((IP: His-
VP35/FLAG-VP35)/(WCE: (His-VP35/FLAG-VP35)/Tubulin)) for each VP35 construct
was divided by wt VP35’s ratio to determine relative binding. (C) WCE and HA-IP from
293T cells co-transfected with untagged VP35 (wt, K309R, or K309G) with HA-L1.505 Or
empty vector. Immunoblot quantification from two independent experiments. The binding
ratio ((IP: VP35/HA-L1.505)/(WCE: (VP35/HA-L1505)/Tubulin)) for each VP35 construct
was divided by wt VP35s ratio to determine relative binding. (D) HA-L1-50s and untagged
wt VP35 were co-transfected into wt or TRIM6 knockout (T6-KO) A549 cells, and WCE
were immunoprecipitated with anti-HA-tagged beads. The quantification is from data
collected from three independent experiments. The binding ratio ((IP: VP35/HA-L..
505)/(WCE: (VP35/HA-L1-505)/Tubulin)) for lysates from wt and T6-KO cells was divided
by the wt’s ratio to determine relative binding. (E) HA-L1-505 and untagged wt VP35 were
co-transfected with FLAG-tagged TRIM6 wt or -C15A or empty vector into T6-KO A549
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cells, and WCE were immunoprecipitated with anti-HA-tagged beads. The quantification
is from data collected from two independent experiments. The binding ratio ((IP:
VP35/HA-L1505)/(WCE: (VP35/HA-L1505)/Tubulin)) for lysates from T6-KO cells
transfected with empty vector, HA-TRIM6-wt, or -C15A was divided by the ratio of empty
vector transfected cells to determine relative binding. The data analysis was done using a
one-way ANOVA with Tukey’s post-test for comparison between groups (A-E). P-value:
*<0.05, **<0.01, ***<0.001, ****<0.0001; ns, not significant (p>0.05). (Figure
reproduced with permission from van Tol et al., 2022)
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Figure 3.11 Ubiquitination of VP35 at K309 impedes interaction with EBOV
nucleoprotein

(A) HA-NP (input) was added to beads bound with lysates from empty vector or FLAG-
VP35 (wt, K309R, or K309G) transfected 293T cells, washed, and FLAG-eluted.
Immunoblot quantification from two independent experiments. The binding ratio (HA-
NP/FLAG-VP35) for each VP35 construct was divided by the ratio of wt VP35 to
determine relative binding. (B) HA-NP and untagged wt VP35 were co-transfected into
wt or T6-KO A549 cells and the WCE were immunoprecipitated with anti-HA beads. The
blot quantifications are representative of two independent experiments. The binding ratio
((IP: VP35/HA-NP)/(WCE: (VP35/HA-NP)/Tubulin)) for lysates from wt and T6-KO cells
was divided by the wt’s ratio to determine relative binding. (C) Diagram depicting the
experiment set-up for the deubiquitinase experiment. When wild-type VP35 (pink
rectangle) is expressed, several ubiquitin molecules will be ubiquitinated (white circle with
‘Ub’) at lysine 309. When co-expressed with catalytically active, wt ovarian tumor (OTU)
deubiquitinase, the covalently linked ubiquitin will be cleaved from VP35. The
catalytically inactive mutant, OTU-2A, has two key cysteine residues mutated to alanine
and is not able to cleave ubiquitin from substrates. Lysates cells co-expressing VP35 and
FLAG-OTU were added onto beads coated with either HA-NP (antibody molecule with
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green hexagon) or VP35-specific antibody (antibody with pink rectangle). (D) 293T cells
were co-transfected with untagged VP35 (wt, K309R, or K-all-R) and empty vector or
FLAG-OTU (wt or -2A). The WCE from VP35 FLAG-OTU co-transfected cells were
incubated with the anti-HA (IP:HA), 1gG-protein A, or anti-VP35-protein (IP: VP35)
coated beads, bound with lysates from HA-NP or empty vector transfected cells to
pulldown VP35 (IP:HA) or ubiquitin (IP: VP35). The western blot is representative of two
independent experiments run in duplicate. (E) The area under the curve (AUC) for each
protein from the western blots in panel D were calculated using ImageJ. The relative
binding ratio (VP35 IP: (Ub/VP35)/WCE: (Ub/VP35)/tubulin) for VP35-associated
ubiquitin was determined for each condition and divided by the ratio for wt VP35 without
OTU treatment. (F) The area under the curve (AUC) for each protein from the western
blots in panel D were calculated using ImageJ. The relative binding ratio (HA-NP IP:
(VP35/HA-NP)/WCE: (VP35/tubulin) for VP35-NP binding was determined for each
condition and divided by the ratio for wt VP35 without OTU treatment. The data analysis
was done using a one-way ANOVA with Tukey’s post-test (A and B) or two-way ANOVA
with Bonferroni’s post-test (E and F) for comparison between groups. P-value: *<0.05,
**<0.01, ***<0.001, ****<0.0001; ns, not significant (p>0.05). (Figure reproduced with
permission from van Tol et al., 2022)
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Figure 3.12 Lack of ubiquitination and a basic residue at VP35/309 dysregulates
VP35’s interaction with viral proteins

Lysates from mock or rEBOV-VP35/wt/-K309R or -K309G infected (MOI = 0.01
PFU/cell for 144 hours) VeroE®6 cells were immunoprecipitated (IP) with IgG or anti-VP35
antibody with protein A beads in RIPA complete and used for western blot to assess
interaction with viral proteins VP40, NP, VP24 and VVP30. Lysates used for this experiment
were also used for Figure 3.1C. The area under the curve (AUC) for each protein was
calculated using ImageJ from western blots run in triplicate. The relative binding ratio (IP:
(viral protein/VP35)/WCE: (viral protein/\VP35)) was for all VP35 constructs and divided
by wt VP35’s ratio. The data analysis was done using a one-way ANOVA with Tukey’s
post-test for comparison between groups. P-value: *<0.05, **<0.01, ***<0.001,
****<0.0001; ns, not significant (p>0.05). (Figure reproduced with permission from van
Tol et al., 2022)
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LACK OF UBIQUITINATION AND A BASIC RESIDUE AT VP35/309 DYSREGULATES VIRUS
ASSEMBLY

Due to the differences between the VP35/K309R and -G mutants in their production
of infectious virus in IFN-I incompetent VVeroE®6 cells, despite similar levels of viral RNA,
we hypothesized that both ubiquitination and retention of a basic residue at VP35/309
contribute to virus assembly. To evaluate the integrity of virus assembly, we collected
samples from the supernatants and lysates of VVeroE6 infected cells and the corresponding
sucrose-gradient purified virus. When evaluating the relative amounts of viral proteins
incorporated into the virion, the K309R and -G mutant virions contained similar amounts
of NP, VP40, VP30, and VP24 relative to the amount of VP35 (Figure 3.13A). The K309G
mutant trended toward lower VP35 incorporation relative to NP and VP24, but the
difference was not significant (Figure 3.13A). This suggests that the K309 mutants have as
similar viral protein composition to wt (Figure 3.13A) despite the dysregulated intracellular
viral protein ratios (Figure 3.9). When we measured packaged viral VRNA copies in the
sucrose purified virus, the K309R mutant packaged as much vVRNA as wt but the K309G
mutant packaged significantly less (Figure 3.13B). As a measure of genome packaging
efficiency, we compared packaged and intracellular vVRNA copies and observed a 2-fold
increase for the K309R mutant and a 3-fold decrease for the K309G mutant (Figure 3.13C).
We then evaluated the mutants’ infectivity by comparing the titer (PFU/mL) to packaged
VRNA and found that the infectivity was reduced for both the K309R (78%) and -G (92%)
mutants (Figure 3.13D). Finally, we compared the overall efficiency of infectious virus
production by calculating the ratio of infectious virus (PFU/mL) in supernatants and the
intracellular vVRNA copies for the corresponding cell lysates. We found 55% (~0.4 log1o)

and 98% (~1.5 logio) less infectious virus/intracellular genome copy for the K309R and -
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G mutant viruses respectively (Figure 3.13E), which correlates with the differences
observed in the kinetics experiments (Figure 3.6E). Overall, these results suggest that both
ubiquitination and a basic residue at VP35/309 are important for coordinating the assembly
of infectious virus. Despite the VP35/K309R mutant’s increased packaging efficiency, the
infectivity is impaired likely due to the premature packing of VRNA potentially associated
with the increased VP24 binding. In contrast, the rEBOV-VP35/K309G mutant is impaired
in both virus assembly and infectivity correlating with impaired VP35-VP24 and -VP40

interactions.
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Figure 3.13 Lack of ubiquitination and a basic residue at VP35/309 dysregulates
virus assembly

(A) Protein lysates (WCE) from VeroE6 cells infected cells (MOI = 0.01 PFU/cell, 144
hours) with rEBOV-eGFP-VP35/wt (WT), -K309R (R), or -K309G (G) and corresponding
sucrose-gradient purified virus. The area under the curve (AUC) for each antibody were
calculated using ImageJ from western blots run in triplicate. The packaging ratio (purified
virus: (viral protein/VVP35)/WCE (panel B): (viral protein/\VP35)) was for all VP35
constructs and divided by wt VP35’s ratio. (B) The number of viral genome copies was
determined using strand-specific gPCR of sucrose-gradient-purified virus. (C) The ratio of
packaged to intracellular RNA copies was determined using strand-specific gPCR for
genomic RNA on lysates from cells and the purified virus, and the ratio was normalized to
the value for wt virus. (D) The ratio of infectious virus to packaged genome copies was
determined by titrating the sucrose-gradient purified virus (PFU/mL) and strand-specific
PCR to calculate the VRNA copies in the corresponding sample, and the ratio was
normalized to the value for the wt virus. (E) The ratio of infectious virus to intracellular
genome copies was determined using the supernatant titer and intracellular genome copy
number, and the ratio was normalized to the value for the wt virus. This experiment was
performed in triplicate (B-E). The data analysis was done using a one-way ANOVA with
Tukey’s post-test for comparison between groups (A-E). P-value: *<0.05, **<0.01,
***<0.001, ****<0.0001; ns, not significant (p>0.05). (Figure reproduced with permission
from van Tol et al., 2022)
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Chapter 4: VP35’s N-terminus can be Ubiquitinated and Mutation of
the K119.126.141 Cluster Attenuates VP35’s Polymerase Co-Factor

Activity

MULTIPLE LYSINE RESIDUES IN VP35°S N-TERMINUS ARE UBIQUITINATED

Since we have consistently observed Ub-conjugated forms of VP35 after VP35/309
mutation "°, we wanted to identify the other lysine residue that accept this post-translational
modification. We used N-terminal (aa 1-221) and C-terminal (aa 222-340) constructs and
K-to-R mutants for the 16 different lysine residues to aid in identifying the ubiquitin-
modified sites (Figure 4.1A). Further, we were interested in understanding the role of VP35
ubiquitination at the other site(s).

We first wanted to determine whether the other covalent ubiquitination
modification occurs on VP35’s N- or C-terminal lysine residue(s). To test this, FLAG-
VP35-wt full-length (FL), N-terminus, or C-terminus was co-expressed with HA-Ub-wt
before immunoprecipitation with anti-HA beads. As expected, we observe Ub-conjugated,
FL and C-terminus VP35 (Figure 4.1B). We also found Ub-conjugated forms for VP35’s
N-terminus (Figure 4.1B). To determine whether residues other than VP35/K309 are
ubiquitinated on VP35’s C-terminus, we expressed wt, K309R, or K-all-R (all eight C-
terminus lysine residues mutated to R) with HA-Ub. The K309R mutation ablated most of
the Ub-conjugated on VP35’s C-terminus, but we cannot completely rule out that other C-
terminal lysine residues may accept Ub. Repeating these experiments with a VP35 C-
terminal construct alternatively tagged to eliminate extra lysine residues present in the

FLAG epitope, such as His, will provide more conclusive results.
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In an attempt to narrow down which lysine residues in VP35’s N-terminus may
receive conjugated ubiquitin, we sent FLAG-VP35-N-terminus immunoprecipitated from
293T cells for mass spectrometry analysis. Two VP35 peptides with diglycine
modification, indicative of ubiquitination, were identified (Figure 4.1D). The predicted
ubiquitinated residues corresponded to T35, K119, and K126 (Figure 4.1D). The mass
spectrometry results also indicated that a K in the FLAG peptide also receives conjugated
ubiquitin. Based on these results, we wanted to test whether the FLAG tag received
conjugated Ub and determine how many K residues in the N-terminus are Ub-modified.
We co-expressed either untagged- or FLAG-N-terminus -wt or K-all-R (all eight N-
terminal lysine residues mutated to arginine) with HA-Ub-wt or -K-all-R. Consistent with
the mass spectrometry results, the FLAG-VP35-N-K-all-R construct still had Ub-VP35
conjugates that were ablated when using the untagged-VP35-N-K-all-R (Figure 4.1E).
Using the HA-Ub-K-all-R mutant, which can be covalently linked onto target proteins but
cannot form Ub chains, we found that there are two Ub-conjugated VP35 bands for the
untagged-VP35-N-wt (Figure 4.1E). Importantly, the HA-Ub-K-all-R-conjugated VP35
bands are absent for the untagged-VP35-N-K-all-R construct (Figure 4.1E). These results
suggest that at least two N-terminal Ks are ubiquitinated.

In an attempt to validate the mass spectrometry results indicating that VP35/K119
and -126 receive conjugated Ub, we generated K-to-R mutants either singly or in groups
in an untagged, full-length VP35 construct. Mutation of any N-terminal lysine residue
(K6R, K63.67R, K119.126.141R, or K184.216R) decreased the number of HA-Ub-
conjugated VP35 bands (Figure 4.1F). The FL VP35 construct with all of the N-terminal

lysine residues mutated to arginine (K6-216R) still had HA-Ub-conjugated bands,

80



consistent with ubiquitination at VP35/K309 (Figure 4.1F). Since all of the N-terminal
VP35 lysine residues seem capable of receiving Ub, we are unsure whether their Ub

modification occurs non-specifically unlike the VP35/K309-Ub modification.
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Figure 4.1 Multiple lysine residues in VP35’s N-terminus are ubiquitinated

(A) Linear schematic of VP35’s N (amino acids 1-221)- and C (a.a. 222-340)-termini with
the position of the sixteen amino acids marked. (B) Lysates (WCE) from 293T cells co-
expressing FLAG-VP35 full-length (FL), N- (N), or C (C)-terminus with HA-Ub were
immunoprecipitated (IP) with anti-HA beads to evaluate the ubiquitin-conjugated forms of
VP35. (C) WCE from 293T cells co-expressing FLAG-C- wild-type (WT), K309R, or K-
all-R with HA-Ub were IP with anti-HA beads to evaluate the ubiquitin-conjugated forms
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of VP35’s C-terminus. (D) Summary of ubiquitinated VP35 peptides for FLAG-VP35-N.
(E) WCE from 293T cells co-expressing untagged- or FLAG-VP35-N WT, T35A, or K-
all-R with HA-Ub WT or K-all-R were IP with anti-HA beads to determine whether the
FLAG tag could be ubiquitinated and how many VP35-N lysine residues are ubiquitinated.
(F) WCE from 293T cells co-expressing FL untagged-VP35 WT, K6R, K63.67R,
K119.126.141R, K184.216R, or K6-216R with HA-Ub WT were IP with anti-HA beads to

determine which VP35-N lysine residues are ubiquitinated. (Figure made by Sarah van
Tol)
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MUTATION OF VP35S LYSINE RESIDUES AT POSITIONS 119,126, AND 141 TO ARGININE
IMPAIRS VP35°S POLYMERASE CO-FACTOR ACTIVITY

We found that several of the K residues can be ubiquitinated, and we were
interested in whether any of the K-to-R mutations have functional consequences. First, we
screened the mutants in a minigenome assay using the optimal VP35 dose (100 ng) to test
their polymerase co-factor activity. There was no significant difference in polymerase co-
factor function for the K6R or K63.67R mutants, but the K119.126.141R, K184.216R, and
K6-216R mutants had significantly lower activity (Figure 4.2A). We repeated the
experiment with just the K119.126.141R, K184.216R, and K6-216R constructs at a lower
dose of VP35 (25 ng), and only the K119.126.141R and K6-216R mutants were attenuated
(Figure 4.2B). Importantly, the magnitude of attenuation for the K119.126.141R and K6-
216R mutants was similar suggesting that K119.126.141 group is functionally important.
We titrated the levels of VP35 wt and K119.126.141R, and the mutant is impaired in its
polymerase co-factor function at all doses (Figure 4.2C). To evaluate whether one specific
residue in the K119.126.141 group drives the phenotype, we mutated these residues singly
or in pairs alongside the K119.126.141R mutant. At a low dose of VP35 (25 ng), K119R
and K119.126R mutants were not significantly impaired, but all other mutants lost activity
(Figure 4.2D). When using the optimal VP35 dose (100 ng), all of the mutants were
attenuated (Figure 4.2D). Interestingly, all the mutants containing the K141R substitution
tended to be impaired more strongly (Figure 4.2D). Overall, these data suggest retention of

a K for residues 119, 126, and 141 is important for polymerase co-factor function.
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Figure 4.2 Mutation of VP35’s lysine residues at positions 119, 126, and 141 to
arginine impairs VP35’s polymerase co-factor activity

(A) Minigenome components (renilla, VP30, NP, L, T7 polymerase, and EBOV
minigenome luciferase plasmid) were co-expressed with 100 ng of empty vector
(pCAGGS) or VP35/wt, K6R, K63.67R, K119.126.141R, K184.216R, or K6-216R in
293T cells. At 50 hours post-transfection, the cells were lysed to measure luciferase and
evaluate protein expression. Quantification is from two independent experiments
conducted in biological triplicate. Lysates from transfected cells were also lysed in
Laemmli for subsequent immunoblotting to monitor protein expression. (B) Minigenome
assay as in panel A with 25ng of pCAGGS, VP35/wt, K119.126.141R, K184.216R, or K6-
216R. Quantification is from one experiment conducted in biological triplicate. (C)
VP35/wt or K119.126.141R were co-expressed with minigenome components at three
dose: 25, 50, and 100 ng. Quantification is from one experiment conducted in biological
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triplicate. (D) VP35/wt, K119R, K126R, K141R, K119.126R, K119.141R, K126.141R, or
K119.126.141R we co-expressed with minigenome components at two doses: 25 and 100
ng. Quantification is from one experiment conducted in biological triplicate. The data
analysis was done using a one-way ANOVA with Tukey’s post-test (A and B) or two-way
ANOVA with Bonferroni’s post-test (C and D) for comparison between groups. P-value:
*<0.05, **<0.01, ***<0.001, ****<0.0001; ns, not significant (p>0.05). (Figure made by
Sarah van Tol)
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MUTATION OF VP35°s N-TERMINAL LYSINE RESIDUES TO ARGININE DOES NOT ALTER
IFN-1 INHIBITION, HOMO-OLIGOMERIZATION, OR INTERACTION WITH OTHER VIRAL
PROTEINS

We wanted to investigate whether any of the N-terminal K-to-R mutations impacted
VP35’s other functions. None of the mutants were impaired in their antagonism of HMW
poly(l:C)-induced (Figure 4.3A) or IKKe-induced (Figure 4.3B) IFNB-promoter activity,
as expected since the C-terminus contains the dsSRNA binding domain. Importantly, all of
the untagged full-length K-to-R mutants retained their ability to self-interact with a FLAG-
VP35-N-terminal construct containing the corresponding K-to-R mutation(s) (Figure
4.3C). We also did not observe a consistent impairment in the mutants’ interaction with the
N-terminal construct of the EBOV polymerase (HA-L1.s05) (Figure 4.3D). No difference in
the NP-VVP35 interaction was detected for the K6R, K63.67R, or K184.216R mutants, but
we did observe a slight increase in binding for the K119.126.141R mutant (Figure 4.3E).
However, when we repeated the different K119.126.141 group mutants, we did not observe
a change in VP35-NP interaction (Figure 4.3F).

Overall, these results suggest that mutation of the N-terminal lysine residues
partially blocks Ub conjugation. The K119.126.141 group, particularly K141, is important
for VP35’s full polymerase co-factor function although mutation of these residues do not
impede VP35’s interactions known to be important for polymerase activity including
binding with itself, the polymerase, or nucleoprotein. Further experiments are needed to
link ubiquitination at these sites to the polymerase co-factor phenotype more directly.
Alternatively, the K119.126.141 residues are located within the region of VP35 mapped to
be required for VP35’s ATPase- and helicase-like activities *°, and additional experiments

are needed to evaluate this group’s contribution to VP35’s enzymatic activities.
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Figure 4.3 Mutation of VP35’s N-terminal lysine residues to arginine does not alter
IFN-I inhibition, homo-oligomerization, or interaction with other viral proteins

(A) 293T cells were transfected with IFN luciferase reporter and Renilla luciferase
plasmid and transfected 24 hours later with 3.125 ug/mL high molecular weight (HMW)
poly(I:C). The ratio of firefly luciferase (IFNP promoter activity) to renilla luciferase
(transfection efficiency normalization) luminance was measured for each VP35 construct
in the presence and absence of poly(l:C) stimulation. The percent activity relative to empty
vector is presented. The quantification is from two independent experiments conducted in
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biological triplicate, and the IB is representative of the corresponding lysates. (B) Asin A,
but 2 ng IKKe was transfected along with the luciferase plasmids to stimulate the IFNf
promoter. The ratio of firefly luciferase (IFNP promoter activity) to renilla luciferase
(transfection efficiency normalization) luminance was measured for each VP35 construct
in the presence and absence of IKKe over-expression. The percent activity relative to empty
vector is presented. The quantification is from two independent experiments conducted in
biological triplicate, and the IB is representative of the corresponding lysates. (C) Lysates
(WCE) from 293T cells co-expressing FLAG-VP35-N-terminus (N) wild-type (WT) or K-
to-R mutants with the corresponding full-length (FL), untagged VP35 K-to-R mutants were
immunoprecipitated (IP) with anti-FLAG beads to evaluate self-interaction. (D) WCE from
293T cells co-expressing FL, untagged VP35 K-to-R mutants with HA-L1.s05 were IP with
anti-HA beads to evaluate binding with Ebola virus’ polymerase. (E and F) WCE from
293T cells co-expressing FL, untagged VP35 K-to-R mutants with HA-NP were IP with
anti-HA beads to evaluate binding with Ebola virus’ nucleoprotein. The data analysis was
done using a one-way ANOVA with Tukey’s post-test for comparison between groups (A
and B). P-value: ns, not significant (p>0.05). (Figure made by Sarah van Tol)
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Chapter 5: VP35 and NP’s Interaction with Unanchored, K63-linked

Polyubiquitin Enhances Polymerase Activity

VP35 INTERACTS WITH UNANCHORED UBIQUITIN

We observed that VP35 non-covalently interacts with ubiquitin ”°, but we did not
study the VP35-ubiquitin binding mechanism or investigate its contribution toward Ebola
virus replication. Here, we used a combination of co-expression, in vitro, and in silico
binding studies with a minigenome assay to understand the interaction’s biological
relevance.

Our first question was whether VP35 interacts with free Ub. We used an Ub mutant
with the C-terminal diglycine residues deleted (HA-Ub-AGG) to prevent Ub conjugation
onto target proteins. Co-expression of FLAG-VP35-wt with HA-Ub-wt pulled down free
VP35 and VP35-Ub conjugates as expected, but when co-expressed with HA-Ub-AGG
only the free VP35 pulls down (Figure 5.1A). We still observed a slightly higher molecular
weight band of VP35 being pulled down with the AGG mutant, but we suspect that this is
a phosphorylated form of VP35 as it runs at a slightly lower molecular weight than mono-
ubiquitinated VP35.

After observing that VP35 can bind to mono-ubiquitin, we wanted to evaluate
whether treatment with an unanchored Ub-specific deubiquitinase could selectively
prevent VP35’s non-covalent Ub interaction. To investigate whether we could selectively
block the non-covalent VVP35-Ub interaction without impeding the covalent modification
onto VP35’s target lysine residues, we used two different deubiquitinases: OTU or
isopeptidase T (IsoT) (Figure 5.1B). OTU cleaves both free and project-conjugated Ub

molecules, but IsoT specifically binds to the C-terminal diglycine motif that is only present
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on free, non-conjugated ubiquitin allowing targeted cleavage of unanchored ubiquitin
chains (Figure 5.1B) . Co-expression of FLAG-VP35-N and HA-Ub-wt with GFP-OTU-
wt prevents VP35’s interaction with unanchored Ub and Ub conjugation onto VP35 (Figure
5.1C). OTU’s catalytic activity is required, since co-express with the mutant GFP-OTU-
2A does not prevent Ub’s covalent modification of VP35 or the non-covalent interaction
(Figure 5.1C). In contrast, co-expression with His-I1soT specifically impaired the non-
covalent interaction (Figure 5.1C). The disruption of the non-covalent VVP35-ubiquitin
binding increases as we increase the I1soT dose (Figure 5.1D). Importantly, treatment with
a catalytically inactive mutant, His-1soT-C335A 1", does not impede VP35’s ability to bind
Ub (Figure 5.1E). Overall, these data support that IsoT treatment can specifically impede

VP35’s interaction with unanchored Ub.
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Figure 5.1 VP35 interacts with unanchored ubiquitin

(A) Lysates (WCE) from 293T cells co-expressing FLAG-VP35-full-length (FL) with the
empty vector (pCAGGS), HA-Ub-wild-type (WT) or delta diglycine (AGG) were
immunoprecipitated (IP) with anti-HA beads to evaluate interaction with free ubiquitin.
(B) Schematic depicting VP35’s (pink rectangle with ‘VP35”) covalent and non-covalent
associations with ubiquitin (white circles). VP35 receives covalent ubiquitin onto at least
two different lysine residues (Ub- with stick) and interacts with unanchored ubiquitin
(depicted as three ubiquitin molecules linked with an available C-terminal diglycine). The
ovarian tumor (OTU) deubiquitinase (yellow partial circle) cleaves both conjugated and
non-conjugated ubiquitin, but the mutant OTU-2A lacks catalytic activity (red ‘no’
symbol). Isopeptidase T (IsoT) is an ubiquitin-specific peptidase that specifically binds the
C-terminal diglycine of free ubiquitin and will breakdown only free ubiquitin chains. (C)
WCE from 293T cells co-expressing FLAG-VP35-N-terminus with the empty vector
(pCAGGS), GFP-OTU-WT or -2A, or IsoT and HA-Ub. The lysates were IP with anti-HA
beads to evaluate interaction with free ubiquitin and the ubiquitin-conjugated forms of
VP35. (D) WCE from 293T cells co-expressing untagged, full-length VP35 with the empty
vector or increasing doses of IsoT in the presence or absence of HA-Ub. The lysates were
IP with anti-HA beads to evaluate VP35’s interaction with free ubiquitin. (E) WCE from
293T cells co-expressing untagged, full-length VP35 with the empty vector or IsoT WT or
catalytic mutant C335A with or without HA-Ub. The lysates were IP with anti-HA beads
to evaluate VP35’s interaction with free ubiquitin. (Figure made by Sarah van Tol)
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VP35’s C-TERMINUS AND NP INTERACT WITH K63-LINKED POLYUBIQUITIN

Since VP35 could interact with host proteins containing UBDs in experiments
using HA-Ub-wt over-expression, we cannot show that VP35 directly interacts with free
Ub using this experiment. To circumvent this limitation and identify the type of ubiquitin
that VP35 interacts with, we developed an in vitro binding experiment that mixed
recombinant Ub with VP35 (Figure 5.2A). We IP FLAG-VP35-wt from 293T cells with
anti-FLAG coated bead, washed seven times, and incubated FLAG-VP35 coated beads
with recombinant mono-Ub, K48-polyUb (2-7 Ub molecules), or K63-polyUb (2-7 Ub
molecules) overnight before washing and eluting with FLAG-peptide (Figure 5.2A). We
found that VP35 specifically interacts with K63-polyUb of at least 4 Ub molecules (Figure
5.2B).

We then wanted to test which VP35 domain facilitates interaction with the K63-
polyUb. Using the same in vitro experimental set-up, we bound FLAG-VP35-wt FL, N-
terminus, or C-terminus to beads before adding K63-polyUb. Both FLAG-VP35 FL and
C-terminus efficiently pulled down ubiquitin, suggesting that the C-terminus facilitates this
interaction (Figure 5.2C). To evaluate whether ubiquitin conjugation onto VP35/K309
influences interaction with unanchored ubiquitin, we immunoprecipitated FLAG-VP35-
wt, K309R, -G and allowed K63-polyUb to bind. Neither a basic residue nor ubiquitination
at VP35/309 influences this interaction as both the R and G mutants bound the recombinant
Ub as well as wt (Figure 5.2D).

In order to predict the VP35 residues that interact with unanchored ubiquitin, the
VP35-1ID structure was modeled with mono-Ub for docking simulations (Dr. Rafael

Najmanovich at University of Montreal). The residues predicted to be important for
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interaction are VP35/R225:Ub/E18 and VP35/K222:Ub/E16 (Figure 5.2E). Interestingly,
both of these basic residues are located within VP35’s FBP 2, First basic patch R and K
residues have been shown to be important for NP binding and retention of a basic residue
is essential for minigenome activity 22, but the reason is unknown. We tested whether
mutation of the predicted Ub-interacting R225 to glutamic acid (E) or K would disrupt
interaction with K63-polyUb. Consistent with the model, mutation to a negative charge
(R225E) partially disrupted VVP35-Ub interaction (Figure 5.2F). In contrast, conservation
of a basic residue (R225K) did not alter this interaction.

Since VP35’s FBP is predicted to influence interaction with nucleoprotein and we
observe a potential importance for this region in the interaction with unanchored ubiquitin,
we investigated whether EBOV NP can interact with ubiquitin non-covalently. As with
VP35, we find that NP specifically binds K63-polyUb chains that are at least 4 Ub
molecules long (Figure 5.2G). This suggests that K63-polyUb chains may facilitate VP35-

NP interaction that is important for polymerase function.
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Figure 5.2 VP35’s C-terminus and NP interact with K63-linked polyubiquitin

(A) Schematic demonstrating the experimental approach to evaluated VP35’s (pink
rectangle) interaction with recombinant mono-ubiquitin (‘mono’, single circles), K48-
linked polyubiquitin chains of 2-7 molecules (‘K48-linked Ub Chains (2-7)’, staggered
circles in groups), K63-linked polyubiquitin chains of 2-7 molecules (‘K63-linked Ub
Chains (2-7)’, straight circles in groups). Recombinant ubiquitin was added onto anti-
FLAG beads coated with semi-purified FLAG-VP35 prior to elution with FLAG peptide.
(B) Immunoblots from the in vitro ubiquitin binding assay shows the input FLAG-VP35
levels from transfected 293T cells lysates (WCE), the ubiquitin input for each sample, and
the bound ubiquitin following FLAG peptide elution. (C) Immunoblots from the in vitro
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ubiquitin binding assay as in panel B with FLAG-VP35 full-length (FL), N- (N), or C- (C)
terminus incubated with K63-linked polyubiquitin chains. (D) Immunoblots from the in
vitro ubiquitin binding assay as in panel B with full-length FLAG-VP35 wild-type (WT),
K309R/ or -G incubated with K63-linked polyubiquitin chains. (E) Free energy values from
in silico analysis predicting VP35-Ub interacting residues. (F) Immunoblots from the in
vitro ubiquitin binding assay as in panel B with full-length FLAG-VP35 wild-type (WT),
R225E/ or -K incubated with K63-linked polyubiquitin chains. (G) Immunoblots from the
in vitro ubiquitin binding assay as in panel B with HA-NP and HA-peptide elution. (Figure
made by Sarah van Tol)
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CLEAVAGE OF UNANCHORED UBIQUITIN BLOCKS EBOLA VIRUS’ POLYMERASE ACTIVITY

To test the functional relevance of unanchored ubiquitin, we co-expressed
increasing amounts of His-1soT with the EBOV minigenome components. We observed a
dose-dependent attenuation of minigenome activity when His-1soT was expressed (Figure
5.3A). Since high amounts of IsoT resulted in impaired VP35 and NP expression (Figure
5.3A), we elected to perform future experiments with 15 ng of His-1soT. We observed that
expression of His-1soT-wt, but not the catalytic mutant (C335A), consistently impaired
minigenome activity approximately 50% (Figure 5.3B). This supports that unanchored Ub

is important for EBOV’s polymerase function.
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Figure 5.3 Cleavage of unanchored ubiquitin blocks Ebola virus’ polymerase
activity

(A) Minigenome components (renilla, VP30, NP, L, T7 polymerase, and EBOV
minigenome luciferase plasmid) were co-expressed with 50 ng of VP35 with increasing
amounts of isopeptidase T (IsoT) or pPCAGGS (empty) in 293T cells. At 50 hours post-
transfection, the cells were lysed to measure luciferase and evaluate protein expression.
Quantification is from two independent experiments conducted in biological triplicate.
Lysates from transfected cells were also lysed in Laemmli for subsequent immunoblotting
to monitor protein expression. (B) Minigenome assay as in panel A with 15 ng of IsoT
wild-type (WT) or catalytic mutant C335A. Quantification is from two independent
experiments conducted in biological triplicate. Lysates from transfected cells were also
lysed in Laemmli for subsequent immunoblotting to monitor protein expression. The data
analysis was done using a one-way ANOVA with Tukey’s post-test (A and B) for
comparison between groups. P-value: **<0.01, ***<0.001; ns, not significant (p>0.05).
(Figure made by Sarah van Tol)
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FREE UBIQUITIN IS PACKAGES IN TO EBOLA VIRUS PARTICLES

IAV incorporates unanchored poly-ubiquitin into its virions to facilitate virus replication
176 Since we observed a proviral role for unanchored Ub in facilitating EBOV’s
polymerase activity and found that K63-polyUb interacts with VP35 and NP, we were
curious whether EBOV also packages free, unanchored Ub into progeny virus. We used
the sucrose-purified virus from Figure 3.13 to test for packaged Ub. The rEBOV-eGFP-
VP35/wt, KO9R, and -G viruses all incorporated at least mono-, di-, tri-, and tetra-Ub into
their particles (Figure 5.4). Future experiments are needed to understand the functional

relevance and mechanism of Ub incorporation into EBOV particles.
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Figure 5.4 Free ubiquitin is packaged into Ebola virus particles

Protein lysates (WCE) from VeroEG6 cells infected cells (MOI = 0.01 PFU/cell, 144 hours)
with rEBOV-eGFP-VP35/wt (WT), -K309R (R), or -K309G (G) and corresponding
sucrose-gradient purified virus. Immunoblots for ubiquitin are shown. The viral proteins
for the corresponding samples are in Figure 3.13B. (Figure made by Sarah van Tol)

100



Chapter 6: TRIM25 is Proviral and can Ubiquitinate VP35

TRIM25 INTERACTS WITH VP35’s C-TERMINUS

TRIMG6 is among a large sub-group of TRIMs that contain a SPRY domain. Since
TRIMG interacts with VP35 via its C-terminal SPRY domain’®, we were interested in
investigating the potential for redundancy of VP35 ubiquitination via other TRIMs with a
SPRY domain. Although we did not see an additional attenuation of the rEBOV-
VP35/K309 mutant viruses in T6-KO compared to wt A549s, we cannot rule out that other
TRIM family members may facilitate VP35 ubiquitination at K309 in cells with low or
absent TRIM6 expression or ubiquitinate other VP35 lysine residues. Investigating the
potential contribution of other TRIMs is important for the development of potential
therapeutics that would target a TRIM6-VP35 interaction and understanding how TRIMs
may influence EBOV infections in vivo.

For our first step in investigating TRIM family redundancy, we screened VP35
binding to TRIM6’s closest family members (TRIMSa, TRIM21, TRIM22, and TRIM34)
and TRIM25. We found that only HA-TRIM25 and -TRIM6 bound to VP35 (Figure 6.1A).
Of note, the HA-TRIM22 plasmid did not express well compared to the other TRIMs, and
the lack of VP35-TRIM22 interaction needs to be validated. After finding that VP35 and
TRIM25 interact, we tested which VP35 and TRIM25 domains interacted. We observed
that TRIM25s SPRY domain efficiently binds to VP35, but the B-box can also able to bind
(Figure 6.1B). As with HA-TRIM6, HA-TRIM25 binds to FLAG-VP35 FL and C-terminus
but not the N-terminus (Figure 6.1C). Interestingly, VP35 seemed to bind with HA-

TRIM25 more strongly than HA-TRIMG6 (Figures 6.1A and 6.1C).
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Since TRIM2S5 interacts with VP35’s C-terminus, we were interested whether the
capacity for VP35/309 ubiquitination and/or the presence of a basic residue was important
for interaction. The VP35/K309R mutant bound to TRIM25 as well as wt VP35, but the
K309G mutant was impaired in this interaction (Figure 6.1D). Since the VP35/K309G
mutant is additionally attenuated and uniquely impaired in interaction with TRIM25 but
not TRIM®G, further studies are needed to evaluate the functional relevance of VP35-
TRIM25 interaction. We also examined TRIM25 interaction of our VP35 N-terminus K-
to-R mutants. Both the K6R and K63.67R mutants appeared to lose some binding with
TRIM25 (Figure 6.1E), but this experiment should be repeated to confirm the result.
Importantly, the K119.126.141R retains the capacity to interact with TRIM25 (Figure

6.1E) despite being impaired in its polymerase co-factor function.
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Figure 6.1 TRIM25 interacts with VP35’s C-terminus

(A) Lysates (WCE) from 293T cells co-expressing full-length (FL), untagged VP35 with
the pCAGGS vector (empty) or a HA-tagged TRIM (5a, 6, 21, 22, 25, or 34) were
immunoprecipitated (IP) with anti-HA beads to screen VP35’s interaction with TRIMs
related to TRIM6. (B) WCE from 293T cells co-expressing GST alone or GST-tagged
TRIM25 domains with empty vector or FL FLAG-tagged VP35 were IP with anti-FLAG
beads. (C) WCE from 293T cells co-expressing empty vector, HA-TRIM6, or HA-TRIM6
with FLAG-VP35-FL, N- (N), or C- (C) terminus were IP with anti-HA beads. (D) WCE
from 293T cells co-expressing FL FLAG-VP35/ wild-type (WT), K309R, or -G with HA-
TRIM25 were IP with anti-HA beads. (E) WCE from 293T cells co-expressing FL FLAG-
VP35/ wild-type (WT), K6R, K63.67R, K119.126.141R, or K184.216R with HA-TRIM25
were IP with anti-HA beads. (Figure made by Sarah van Tol)
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TRIM25 CAN FACILITATE VP35 UBIQUITINATION AND VP35°S NON-COVALENT

INTERACTION WITH UBIQUITIN

We next wanted to interrogate whether TRIM25 can facilitate VP35 ubiquitination.
When co-expressed with HA-Ub and RFP-TRIM25, we observe an enhancement in the
Ub-conjugated forms of VP35 suggesting that TRIM25 can ubiquitinate VP35 (Figure
6.2A). To investigate whether TRIM25 could ubiquitinate lysine residues aside from
VP35/K309, we co-expressed RFP-TRIM25 and HA-UDb with VP35 wt, K309R, or -G. We
found an increase in the amount of free VP35 that co-IP with HA-Ub for all VP35
constructs and a clear increase in the number and intensity of Ub-conjugated VP35 bands
for VP35 wt and K309R (Figurer 6.2B). Of note, the TRIM25 and VP35 expression in the
lysates of cells transfected with the VP35/K309R could explain the more subtle increase in
ubiquitin-conjugated VP35 for this mutant. The increased ligation of Ub on to
VP35/K309G, however, still supports that TRIM25 may be conjugating Ub onto the N-
terminal lysine residues, and this warrants further investigation. Additionally, VP35’s
increased interaction with Ub in the presence of TRIM25 suggests the possibility that

TRIMZ25 participates in the synthesis of K63-polyUb (Figure 6.2B).

104



A B

VP35 E HA-Ub
HA RFP-TRIM25: - - + - + - +
Lm jU_t:ol VP35:  WT  K309R K309G
N N
S 85 751
Er £
1004 W = W
754 50, IB: VP35

p (long exposure)
<8l 1B: VP35
504 ()

37

7 - IP: HA

75 Wl TRIM25| > IB: VP35 (Ub)

. (Ub) 371 siowm - e= - emm |(ShoOrt exposure)
n . 75 W W

250 :
1501 8| 2501 ' 1B: HA (Ub)
1004

ST{=__JB: VP35 150
iWCE 374 )
75 M8 TRIM25 O ™ W0 owe == gun g |1B: VP35

WCE

sl g2 = 8B TRIM2S

Figure 6.2 TRIM2S can facilitate VP35 ubiquitination and VP35’s non-covalent
interaction with ubiquitin

(A) Lysates (WCE) from 293T cells co-expressing full-length (FL), untagged VP35 with
the pCAGGS vector (empty) or fed fluorescent protein (RFP)-tagged TRIM25 in the
presence or absence of HA-Ub were immunoprecipitated (IP) with anti-HA beads to
monitor VP35’s ubiquitination. (B) WCE from 293T cells co-expressing FL, untagged
VP35/ wild-type (WT), K309R, or -G with empty vector or RFP-TRIM25 in the presence
or absence of HA-Ub were IP with anti-HA beads to monitor VP35’s ubiquitination. The
same VP35 immunoblot (IB) from IP samples are shown at short and long exposures.
(Figure made by Sarah van Tol)
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TRIMZ25 1S A PROVIRAL FACTOR FOR EBOLA VIRUS REPLICATION

To investigate the functional relevance of TRIM25 during EBOV infection, we
infected wt or Trim257- MEFs with either a rEBOV-eGFP or a mouse-adapted EBOV (ma-
EBOV). At a low MOI 0.05, we observe ~3-4 logso attenuation in Trim257- MEFs infected
with rEBOV-eGFP and do not detect GFP through 96 hpi (Figure 6.3A). At an intermediate
MOI, 0.5, the virus was attenuated ~3-3.5 logio in Trim257 compared to wt MEFs at the
later time points (Figure 6.3B). When infecting at a high MOI, 5.0 to simulate synchronized
infection, the magnitude of attenuation was reduced to 1-2 logioc and some GFP
fluorescence signal could be detected in Trim257 MEFs at 96hpi (Figure 6.3C). We
observed similar attenuation in Trim25”7 MEFs infected with ma-EBOV at all time points
(Figures 6.3D-F). Of note, the magnitude of attenuation at 168 hpi was less striking for the
ma-EBOV than the rEBOV-eGFP. TRIM25, like TRIMSG, is generally considered an
antiviral protein in association with is role as a positive regulator of IFN-1 pathways,
including during 1AV infection #>!%°. To ensure the Trim257 MEFs were not generally
defective in their support of virus replication, we infected wt and Trim257 cells with IAV
expressing GFP (GFP-1AV). Importantly, we did not observe a difference in fluorescence
following GFP-IAV infection (Figure 6.3G), suggesting that proviral function of TRIM25
is EBOV-specific. In the future, it will be important to recover and sequence virus from
Trim257 cells to monitor for mutant viruses that may provide insight into the residues
important for VP35’s interaction with TRIM25. Repeating the replication kinetic
experiments in human cells, such as TRIM25-KO A549s, is important to confirm that

TRIM25’s proviral phenotype is translatable to human infection.
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Figure 6.3 TRIM25 is a proviral factor for Ebola virus replication

(A-C) Wild-type (WT) (black) and Trim257 (red) murine embryonic fibroblasts (MEFs)
were infected with recombinant Ebola virus expressing green fluorescent protein (rEBOV-
eGFP) at several multiplicities of infection (MOI): 0.05 (A), 0.5 (B), or 5.0 (C) plaque
forming units (PFU) per cell. Supernatants from infected cells were titrated and the titers,
PFU/mL, are shown. Presented data is from biological triplicates and are representative of
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two independent experiments. The limit of detection (LOD) 20 PFU/mL is shown.
Fluorescence micrographs during infection with MOI 0.05 (A) and 5.0 (C) show GFP
signal at 72- and 96 hours post-infection. (D-F) WT and Trim25”7 MEFs were infected with
a mouse-adapted EBOV (ma-EBOV) at several MOls: 0.05 (D), 0.5 (E), and 5.0 (F).
Supernatants from infected cells were titrated and the titers, PFU/mL, are shown. Presented
data is from biological triplicates and are representative of two independent experiments.
(G) WT and Trim25” MEFs were infected with a recombinant, GFP-expressing influenza
virus (GFP-1AV) at MOI 1.0 for 48 hours. Representative GFP fluorescence images are
presented. The data analysis was done using a two-way ANOVA with Bonferroni’s post-
test (A-F) for comparison between groups. P-value: *<0.05, ***<0.001, ****<0.0001; ns,
not significant (p>0.05). (Figure made by Sarah van Tol)
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Chapter 7: Discussion

Ebola virus VP35 fulfills many essential roles throughout the virus’ life cycle. The main
functions attributed to VP35 include IFN-1 antagonism and polymerase co-factor activity.
VP35-mediated coordination of nucleocapsid formation and genome incorporation into a
virion has been noted 237, but these assembly functions are not well-characterized. Further,
the molecular mechanisms that govern which activity VP35 engages in have not been
elucidated. The results of our experiments support that VP35 ubiquitination and non-

covalent interaction with Ub contribute toward organizing VP35’s functions.

UBIQUITINATION OF EBOLA VIRUS VP35 AT LYSINE 309 REGULATES VIRAL

TRANSCRIPTION AND ASSEMBLY

We used two different mutant recombinant viruses and VP35 expression plasmids
to disassociate the importance of a basic residue from conjugated Ub at residue 309. After
confirming that both mutations reduced Ub conjugation onto VP35, we evaluated the
contribution of VP35/K309 ubiquitination in regulating VP35’s dsRNA-dependent and -
independent IFN antagonism activity. Based on the structure of VP35’s IID and previous
biochemical assays *'*, VP35/K309 enhances dsRNA binding but is not required as other
residues within the CBP directly interacting with dsRNA. This is consistent with our
observation that purified FLAG-VP35/K309G binding to biotin-poly(l:C) is decreased by
50% and only the low dose of the VP35 mutant was impaired in a poly(l:C)-induced IFNJ
promoter luciferase assay. Unexpectedly, we found that the K309G mutant was also
deficient in IKKe binding and preventing IKKe-induced IFNf promoter activation (Figure

7.1A). The K309R mutant had enhanced dsRNA-independent IFN antagonism implying
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that ubiquitination on K309 reduces IFN antagonism (Figure 7.1A). One potential
explanation could be that ubiquitin conjugated onto VP35/K309 provides steric hindrance
reducing interaction with other components of the IFN pathway. In the context of infection,
the rEBOV-VP35/K309G mutant virus induced a more rapid and intense IFN-I induction
than the wt virus. In contrast, IFN-I induction lags in K309R-infected cells. It is unclear
whether the delay is secondary to differences in viral load or a result of VP35/K309R more
efficiently antagonizing IFN-I.

Viral replication for both mutants is attenuated in IFN-I competent (A549, BMDCs,
and MEFs) and -incompetent (VeroE6) cells, suggesting that preventing VP35/K309
ubiquitination impairs virus replication independent of VP35’s role as an IFN-I antagonist.
We previously found that TRIM6 facilitates VP35’s polymerase co-factor activity using a
minigenome assay '°, and we expected that blocking VP35/K309 ubiquitination directly
affects VP35’s co-factor function and that the attenuation is dependent on TRIM6. We
elected to use A549 cells for the replication assays since we had T6-KO cells available and
had characterized EBOV replication thoroughly in these cells ”°, but we acknowledge that
different cell types may differ in their dependence on VP35/K309 ubiquitination for
efficient replication. Infection studies in T6-KO A549s, MEFs, and BMDCs demonstrate
that the wt virus is attenuated when TRIM6 is absent, but the mutants’ replication is not
affected further. The consistent results across multiple cell types, including cells of mouse
and human origin, supports that these findings are relevant. Importantly, neither mutation
prevented VP35 from interacting with TRIMG6. These results support that TRIM6-mediated

Ub conjugation onto VP35/K309 affords EBOV a replication advantage.
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To understand how K309 ubiquitination is advantageous for VP35’s co-factor
function, we measured the synthesis of different viral RNA species and evaluated VP35’s
interaction with the viral transcriptase. The strand-specific RNA gPCR results suggest that
ubiquitination specifically benefits transcriptase but not replicase activity. Both mutants
were similarly impaired in their interaction with the N-terminus of the viral polymerase
(HA-L1-505), but the K309R mutant’s affinity for VP30 was not negatively impacted. The
immunoprecipitation of endogenous TRIM6 with L and VP35 supports that these factors
may interact during infection to promote the polymerase’s transcriptase activity. The
phenotypic relevance of the Ub-supported interaction with L appears to present as
disproportionately lower transcription of 5’ viral genes relative to NP transcripts, encoded
by the 3’ most gene, in the rTEBOV-VP35/K309R/-G-infected cells or wt virus-infected
TRIMG6 knockout cells (Figure 7.1B). We speculate that ubiquitination may facilitate a L-
VP35 interaction that favors transcriptase stability to prevent it from falling off and having
to re-initiate. To our knowledge, the mechanisms regulating EBOV’s transcriptase re-
initiation efficiency or processivity along the genome have not yet been identified, and we
provide the first evidence that ubiquitination of VP35 regulates viral transcriptase function.
Alternatively, VP35 could aid the polymerase in overcoming secondary structures in the
VRNA that are more abundant in the VP40, VP30, and L genes. Recently, VP35 has also
been described to possess ATPase-like and helicase-like activities that are required for
polymerase co-factor function 3¢. Although we found the VP35/K309 mutants retain
ATPase activity (Figure 7.2) and recent studies suggest that residues in the N-terminus of
VP35 (amino acids 137-170) are required for helicase activity 3, the potential role for

ubiquitination in regulating VP35’s helicase-like activity cannot be ruled out.
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Although the structure for EBOV VP35 in complex with L has not been solved, the
structures for two other non-segmented, negative sense RNA viruses (Human
metapneumovirus (HMPV) and respiratory syncytial virus (RSV)), whose phosphoproteins
(P; the functional equivalent to VP35 in other NNS RNA viruses!’") also form asymmetric
tetramers, have been solved!’®", In the HMPV and RSV polymerase structures, the four
different monomers of P adopt distinct orientations that enable the different monomers to
participate in unique functions simultaneously. For example, the HMPV P is positioned
such that the coiled-coil is anchored to L but the N-terminal nucleoprotein (N) binding
region (equivalent to VP35’s NPBP) can bind monomeric N (N°) at the exit tunnel to enable
nascent VRNA or cRNA to be encapsidated!’®. At the same time, P2’s C-terminus is at the
RNA entry tunnel to facilitate L’s interaction with NP-RNA!"®, EBOV VP35 can also form
asymmetric tetramers?8, and it is feasible to hypothesize that VP35 may similarly be able
to perform multiple functions when in complex with the L. The strand-specific RNA gPCR
results suggest that ubiquitination specifically benefits polymerase transcriptase but not
replicase activity. Further, since only the K309R mutant is differentially enhanced in the
NP interaction and both the K309R and -G mutants appear equally impaired in their
polymerase co-factor activity, we propose that ubiquitination would not alter VP35’s
recruitment of NP° or NP-RNA to the exit or entry tunnels of the polymerase, respectively.
Instead, we propose VP35/K309 ubiquitination induces a VP35-L interaction required for
efficient transcription across the genome.

Removing the capacity for VP35/K309 ubiquitination results in an initiation-biased
transcriptase that causes dysregulated intracellular proportions of viral proteins. The

decrease in VP30 availability, particularly in the K309R-mutant infected cells, may
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contribute to the transcriptional defect and feedback to amplify the defect in later rounds
of replication. This is in line with our observation that the transcriptional defect is more
pronounced and VRNA and cRNA synthesis is attenuated at 72 hpi for both mutants.
Reducing the intracellular pool of VP40 may translate to impaired virus assembly which is
consistent with the similar amount of total viral RNA and GFP signal despite lower
production of infectious virus in mutant-infected VeroEG6 cells. We were unable to correlate
the L protein levels due to lack of antibody, but we anticipate that lower amounts of L
protein would have compounding effects on viral replication and transcription following
primary transcription.

Unexpectedly, we found that the viral load in supernatants collected from rEBOV-
VP35/K309G infected cells was significantly lower than the K309R mutant in IFN-I
deficient cells. The difference in titer, despite similar total viral RNA levels and
transcriptional defects between the mutants, led us to hypothesize that a basic residue and
the capacity for ubiquitin conjugation at VP35/K309 are important for virus assembly. We
found that in contrast to the K309R mutant’s increased interaction with VP24, the K309G-
VP24 interaction is impaired. As recruitment of VP24 is important for nucleocapsid
rigidification !, the difference in the mutants’ interaction with VP24 could contribute to
the difference in virus production. The incorporation of VP24 into the nucleocapsid has
also been reported to switch off active replication and trigger the movement of full-
length/mature nucleocapsids into VP40-GP membranes 3. As VP35/K309R interacts with
VP24 more strongly than wt, the K309R mutant’s lack of ubiquitination may recruit more
VP24 to nucleocapsids prematurely turning off the viral polymerase activity prior to

synthesizing the complete viral genome. The packaging of incomplete genomes into

113



virions would explain the decrease in virus infectivity despite the K309R mutant’s
increased packaging efficiency (Figure 7.1C). We also found that the VP35-VP24
interaction is impaired significantly in the K309G mutant which may prevent assembly of
mature virions. NP dynamically transitions between the NP-RNA bound and unbound
states and VP24 and VP40 interact with NP 1133718 \We speculate that VP35
ubiquitination may prevent the adoption of a VP35-NP conformation that facilitates VP24
recruitment and subsequent nucleocapsid maturation. Alternatively, the ubiquitination
status of VP35 could directly influence VP24’s association with the nucleocapsid. Within
the sucrose-purified virus, we found that the K309G mutant did not package an
approximately 38 kDa form of VP24, which may be a ubiquitinated or SUMOylated form
of VP24 192 and the K309R mutant packages more of this modified VP24 (Figure 7.3).
Further studies are needed to identify this form of VP24 and whether it can influence the

virus’ budding and/or infectivity.
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Figure 7.1 A basic residue and ubiquitination capacity of VP35/K309 coordinates
VP35’s functions

(A) Both ubiquitinated (white circle with Ub) and non-ubiquitinated (K/Rso9) VP35 bind
double-stranded RNA (dsRNA) to antagonize RIG-I. Loss of a basic residue (Gaog) impairs
dsRNA binding which allows RIG-I activation and downstream IRF3 phosphorylation
(white circle with P) leading to type I interferon (IFN-I) induction. In the absence of
ubiquitination, VP35 (K/Ra09) impedes IKKe activation more efficiently. (B) In the context
of the viral transcriptase, comprised of the viral polymerase (L), VP35, and the
transcription factor (VP30), the capacity for VP35/K309 to be ubiquitinated enables
balanced transcriptional activity. Under this balanced transcriptase function, a 3’-t0-5’
transcriptional gradient is generated and viral proteins are produced in an optimal ratio.
When VP35/309 is unable to receive ubiquitination, the transcriptase is biased toward
transcriptional initiation and the transcriptional gradient is dysregulated resulting in
unbalanced intracellular viral protein ratios. (C) When VP35/309 has the capacity for
ubiquitination, the recruitment of VP24 and VP40 is regulated and progeny virions are
assembled normally. In the absence of ubiquitin and when a basic residue is present at
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VP35/309, VP24 is more efficiently recruited to VP35 prematurely and some immature
nucleocapsids are incorporated into progeny virions resulting in the defective viruses.
When the basic residue is lost (K309G), interaction with VP24 and VP40 is impaired which
reduces virus production. (Figure reproduced with permission from van Tol et al., 2022)
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Figure 7.2 Mutation of VP35 at K309 does not alter VP35’s ATPase activity
FLAG-purified VP35 (wt, K309R, or K309G) was used in an ATPase activity assay. The
concentration of free phosphate (P;) was determined using a standard curve with the
BIOMOL Green phosphate standard. A fraction of the completed reaction was boiled in
4X Laemmli sample buffer to compare the amount of VP35 added. The assay was
completed in biological triplicate. The data analysis was done using a one-way ANOVA
with Tukey’s post-test for comparison between groups. No significant differences were
identified. (Figure reproduced with permission from van Tol et al., 2022)
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Figure 7.3 A modified form of VP24 is present in rEBOV-eGFP-VP35/wild-type and
K309R but not K309G particles

VP24 immunoblot for sucrose gradient purified rEBOV-eGFP-VP35-wild-type (WT),
K309R, or-G lysed in 4X NuPAGE with 10X NuPAGE reducing reagent. The band at 35
kDa is VP35 show through from a previous antibody. Blot of VP24 running at native
length (~24kDa) is located in Figure 3.13A. (Figure made by Sarah van Tol)
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VP35’s N-TERMINAL K119, 126, AND 141 CAN BE UBIQUITINATED AND FACILITATE

VP35’s POLYMERASE CO-FACTOR ACTIVITY

Our initial TRIM6-VP35 study revealed that at least one other lysine residue can
receive covalent ubiquitination, but we did not know which residue was modified or the
functional significance. Here, we show that multiple residues in VP35’s N-terminus can be
modified by ubiquitin including K119, -126, and -141. Mass-spectrometry on IP FLAG-
VP35-N-terminus found diglycine modification in K119 and -126, supporting that these
two residues can be ubiquitin modified. The K119.126.141 cluster is located within the
region of VP35 known to promote oligomerization and interaction with L (Figure 1.1C).
Although our co-expression assays did not indicate an obvious defect in self-interaction or
binding with L, we did observe a significant impairment in polymerase co-factor activity
for K-to-R mutants in the K119.126.141 cluster using a minigenome assay. We also did
not observe differences in the K-to-R mutants’ interaction with NP. The VP35/K141R
mutant was the least active of the K119.126.141 cluster mutants in polymerase co-factor
activity. Interestingly, K141 is located within the 40 amino acid region mapped to VP35’s
helicase-like activity (Figure 1.1C) %. Although VP35 does not contain any conventional
helicase motifs, like those found in flavivirus NS3 8 or enterovirus 71 2CATPase 182,
mutation of key K residues has been shown to abrogate the RNA helicase function through
prevention of cation and ATP binding 14418318 |t is possible that K141 is important for
mediating nucleotide binding to facilitate helicase activity and K119 and/or -126

ubiquitination regulate VP35’s ability hydrolyze ATP or unwind RNA.
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UNANCHORED UBIQUITIN REGULATES EBOV POLYMERASE ACTIVITY

We expanded our understanding of VP35’s non-covalent interaction with K63-
polyUb. VP35’s C-terminus, likely residues within the FBP including R225, facilitate the
interaction. Retention of basic residues within VP35’s FBP is required for minigenome
activity 22. The basic residues are predicted to interact with NP-RNA in order to bridge the
NP-encapsidated RNA template to the polymerase to allow virus replication and
transcription ?2. Since we observed that the R225E mutant attenuates VP35’s interaction
with unanchored Ub, we investigated whether NP also interacts non-covalently with K63-
polyUb. The observation that both VP35 and NP interact with K63-polyUb and over-
expression of the unanchored Ub-specific USP IsoT impairs minigenome activity suggest
that K63-polyUb is important for EBOV’s polymerase. Unanchored K63-polyUb has been
shown to provide a platform for signaling complex assembly 45185187 ‘and an analogous
scaffold could stabilize the interaction of EBOV’s polymerase with template NP-RNA.

Additionally, we found that free Ub is incorporated into EBOV particles. The
inclusion of mono-Ub as well as polyUb chains could impact EBOV infectivity as observed
for IAV 175, IAV packages mono-, di-, tri-, and tetra-polyUb, and the host E3 ubiquitin
ligase HDACG6 facilitates uncoating of the viral nucleocapsids through recruitment to
aggresomes 178188 Our sucrose gradient purified EBOV, including both rEBOV-eGFP-
VP35/K309 mutants, efficiently packaged mono-Ub and short-chains of polyUb as seen
with IAV. The incorporation of these molecules could aid in EBOV uncoating or, as VP35
and NP interact with K63-polyUb at least four Ub moieties long, could form a scaffold to
aid in the initiation of viral transcription following entry. Future studies are needed to

investigate the chain linkage of the packaged polyUb. It is also important to consider

120



whether Ub packing occurs stochastically while the virion is being assembled.
Investigation of Ub packing into virions among filoviruses and across diverse virus genera

would offer insight into the conservation of ubiquitin packaging and may allude to its

importance.
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TRIM25 1s PROVIRAL DURING EBOV INFECTION AND CAN UBIQUITINATE VP35

We observed that TRIM25, but not other TRIM6-related TRIMs, is able to interact
with and ubiquitinate VVP35. Interestingly, the TRIM25-VP35 interaction seemed to be
stronger than TRIM6’s. The EBOV attenuation was more dramatic in the Trim257 (100-
10,000 fold) than the Trim6” (2-10 fold) MEFs. We also observed that TRIM25 can
facilitate VP35 ubiquitination for both wt and K309 mutants as well as enhance VP35’s
non-covalent interaction with polyUb. Since we observed impaired TRIM25-VP35/K309G
interaction, it is important to investigate whether this phenotype could be related to
VP35/K309G’s defective interactions with IKKe or other viral proteins and contribute to
this mutant’s impaired virus replication. Follow-up studies are also needed to identify
which VP35 K(s) that TRIM25 ubiquitinates.
TRIM25 may also contribute to the synthesis of the K63-polyUb observed to enhance
EBOV’s polymerase co-factor activity. TRIM25 has previously been shown to cooperate
with the E2 Ube2D3 to synthesize unanchored K63-polyUb to activate the RIG-1-mediated
IFN-I induction following dsRNA recognition *°. Recently, both TRIM25 and Ube2D3
were identified as interactors with the EBOV polymerase 8. Ube2D3 was among the 64
high-confidence interactors screened with siRNA to evaluate the effect of polymerase
interactors during EBOV infection. An siRNA targeting Ube2D3 strongly attenuated
EBOV replication suggesting a potential proviral role . The connection between
TRIM25 and Ube2D3 in the synthesis of K63-polyUb suggests that TRIM25 may facilitate
K63-polyUb during EBOV infection to promote viral replication.

VP35 may have evolved to interact with TRIM25 to facilitate EBOV replication,

and the ability to bind TRIMG6 evolved in parallel as a consequence of their conserved PRY -
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SPRY domains. Since rEBOV-eGFP-VP35/K309R was not additionally attenuated in
TRIM6-KO A549 cells, we predict that TRIM25 ubiquitinates the N-terminal VP35
residues or synthesizes unanchored K63-polyUb to promote EBOV’s polymerase activity
(Figure 7.4). Studies with both TRIM6 and -25 knocked-out will offer insight as to whether

these TRIMs play redundant or complementary roles in VP35 ubiquitination.
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Figure 7.4 Ubiquitination of VP35 promotes Ebola virus’ polymerase activity

(A) TRIMG6 ubiquitinates VP35 at lysine (K) 309. Several K residues in VP35’s N-terminus
can ubiquitinated, including K119, 126, and 141. VP35 interacts with unanchored K63-
linked polyubiquitin (K63-polyUb) via its C-terminus. TRIM25 can enhance VP35
ubiquitination and non-covalent VVP35-Ub interaction, and we suspect that TRIM25 may
facilitate ubiquitination of VP35’s N-terminal K residues and/or synthesize the K63-
polyUb VP35 binds. (B) We found that interaction with K63-polyUb and the presence of
Ks at K119, 126, and 141 is required for VP35’s full polymerase co-factor activity. We
propose that K63-polyUb could enhance polymerase co-factor activity by enhancing
VP35’s interaction with nucleoprotein (NP) which also binds with K63-polyUb. (Figure
made by Sarah van Tol)
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LIMITATIONS OF THE STUDY

Overall, our studies demonstrate the proviral roles of VP35 ubiquitination, but
several limitations could be addressed to solidify our conclusions. Primary limitations
discussed below include lack of an in vivo study for the rEBOV-VP35/K309 mutants, an
in vitro polymerase model, assessment of VP35’s helicase activity, rEBOV-VP35/N
terminal K-to-R mutants, an EBOV infection model disrupting K63-polyUb formation or
interaction with VP35, and infection in human-origin TRIM25-knockout cells.

Determining whether preventing VP35/K309 ubiquitination attenuates EBOV
replication in vivo is important for establishing physiological relevance. Although we
generated recombinant mouse-adapted (ma) EBOV-VP35/K309R and -G mutants, our
attempt to infect wt and Trim6” mice with these viruses and the wt ma-rEBOV did not
result in consistent weight loss for infected animals. We detected viral RNA in the serum
of one third of wt mice infected with wt ma-EBOV and none of the wt mice infected with
either the K309R or -G mutants or any Trim6~- mice were qPCR positive. Further, we could
not detect infectious virus in the serum from any of the mice regardless of the infecting
virus or mouse genotype. The experiment should be repeated after optimizing an infectious
dose for wt mice that results in weight loss for all of the mice. In vivo studies assessing the
relevance of TRIM25 during infection are also needed.

A current constraint of our understanding of EBOV’s polymerase is the absence of
a structure and difficulties associated with reconstituting the polymerase in vitro to study
the polymerase directly. The structures for several negative-sense RNA viruses viral
polymerases, comprised of the RdRp with the phosphoprotein, have been solved 78179 but

we do not know how translatable the observed features are to filoviruses. Further, an EBOV
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polymerase complex has been notoriously difficult to reconstitute due to the need for host
proteins and the co-expression of VP35 and L °°. The only reported successful
recombinant EBOV polymerase system can only evaluate the polymerase’s priming and
short primer elongation . In order to model the role of covalent and non-covalent
ubiquitin in regulating the polymerase’s processivity more directly, an in vitro model needs
to be established where VP35, L, NP°, NP-RNA, and relevant host proteins are present.
Evaluation of polymerase activity with extracts collected from infected cells or cells
expressing the minigenome components treated with recombinant K63-polyUb,
(de)ubiquitinating enzymes, and other proteins of interest (i.e. TRIM6 and -25) in parallel
with strand-specific gPCR could more clearly demonstrate the polymerase activity (i.e.
replicase, transcriptase, and/or processivity) being regulated.

Although our experimental evidence strongly links TRIM6-mediated VP35/K309
to the observed attenuation, we cannot rule out that the K309R mutation impairs its helicase
activity. Since K residues are typically linked to RNA helicases’ ability to interact with and
subsequently hydrolyze ATP 144183184 and our VP35/K309R/ and -G mutants retain their
ATPase activity, we do not expect helicase activity to be disrupted. In the case the N-
terminal K119.126.141 cluster, however, we need to test our K-to-R mutants for both their
ATPase- and helicase-like activities to distinguish the potential contributions of
ubiquitination from enzymatic activity.

A few of our observations also need to be validated in the context of virus infection
to assess their functional relevance. Our N-terminal K-to-R mutations have not been
introduced into recombinant virus, and an infection model is needed to assess whether the

K119, -126, and/or -141-to-R mutations attenuate virus replication. Generally,
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minigenome results tend to correlate with phenotype during infection, however, we cannot
rule out that these mutations could also impact EBOV assembly and/or infectivity. Further,
we have not been able to test the role of K63-polyUb during infection. IsoT is a potent
enzyme, and its over-expression could have indirect effects on cell health and confound
any observed impact on EBOV replication. Treatment of cells with an IsoT inhibitor
may allow for a better controlled approach in the context of a reconstituted polymerase.
Alternatively, the identification of a small molecule that prohibits VP35’s non-covalent
interaction with Ub would be useful to evaluate the effects of their binding more directly.
Introduction of VP35/R225A or -E mutation into rEBOV may be helpful, however, this
mutant is devoid of minigenome activity 22 and its rescue may not be possible.

Finally, we need to confirm that TRIM25 plays a proviral role in human cells.
Infection experiments with both rEBOV-eGFP and ma-EBOV both showed dramatic
attenuation in Trim25” MEFs, but we cannot rule out the possibility of species-specific
differences. Sequencing of virus from cells lacking TRIM25 could identify mutations that
allow escape from reliance on TRIM25 or adaptation to utilize an alternate E3 ligase.
Elucidation of the specific regions within VP35’s C-terminus and TRIM25’s PRY-SPRY
domain that interaction and the specific VP35 K residues that TRIM25 ubiquitinates is
important when exploring the potential of targeting this interaction for therapeutic

development. Exploring these interactions with TRIM25 orthologs from mouse, human,

and other species may also illuminate the conservation of this interaction across species.
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Chapter 8: Conclusions and Future Perspectives

CONCLUSIONS

Within EBOV-infected cells, the VP35 population includes both ubiquitinated and
non-ubiquitinated forms. We expect that the ability to dynamically receive and lose these
post-translational modifications and interact with unanchored, K63-polyUb cues VP35’s
interactions with other host and viral proteins to orchestrates VP35’s engagement in its
distinct functions (Figures 7.1 and 7.4). Although the lack of VP35/K309-ubiquitination
does not prohibit the production of infectious virus, preventing this modification
significantly dysregulates the viral life cycle. We propose that VP35/K309 ubiquitination
facilitates a stable interaction with L to enhance viral transcription and prevents the
premature packaging of immature nucleocapsids into progeny virions, and that a basic
residue is needed for efficient IFN-I antagonism and interaction with VP24. We found that
the retention of VP35’s N-terminal K119.126.141 cluster as Ks is required for optimal
polymerase co-factor activity, and we hypothesize that ubiquitination of and/or ATPase
binding by these residues regulates VP35’s helicase activity. We propose free, K63-polyUb
acts as a scaffold for the EBOV polymerase to stabilize interactions between VP35’s C-
terminal first-basic patch and NP-encapsidated viral RNA. Packaging of free Ub into virus
EBOQV particles may thus provide an advantage to the virus upon uncoating, particularly if
the polyUb is K63-linked and can facilitate the formation of the transcriptase to support
primary transcription. TRIM25 is proviral in the context of EBOV infection, and we expect
TRIM25-mediated ubiquitination of VP35’s N-terminal K119.126.141 cluster and/or

synthesis of unanchored, K63-polyUb enhances VP35’s polymerase co-factor activity.
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Overall, our results point to novel roles for host factor mediated VP35 ubiquitination in

promoting multiple stages of EBOV replication.

CONSERVATION OF VP35 UBIQUITINATION ACROSS FILOVIRIDAE

Based on the universal presence of a K at the 309-equivalent position across all
characterized Filoviruses (Figure 8.1), we expect ubiquitination at this site to be conserved
across this virus family. Future studies are required to confirm VP35 ubiquitination at the
corresponding residue. The retention of this PTM would make this an attractive target for
a pan-filoviral antiviral therapeutic. Although we have not been able to confirm
ubiquitination of the K119.126.141 cluster during EBOV infection, it is important to note
that all three Ks are universally conserved across the six Ebolavirus species (Figure 8.1).
Further, the K126 and 141 equivalent residues are conserved in Méngla virus (MALV),
Ravn virus (RAVN), and some MARVs isolated from Rousettus aegyptiacus bats, but the
K126 equivalent residue is an R the Lake Victoria MARYV isolates (Figure 8.1). Like K309,
the K141 equivalent residue is universally conserved across Filoviruses including Lloviu
virus (LLOV) (Figure 8.1).

Interestingly, a filovirus VVP35-like element encoded by Myotis bats (mIEFL35)
encodes for a G at the K309 equivalent residue %1%, Analogous to our VP35/K309G
mutant, the mIELF35 has reduced potency in antagonism of IFN-1 and impaired dsRNA-
binding °2. In the context of mIELF35, which lacks conservation of the NPBP and FBP,
predictably cannot interact with NP and loses polymerase co-factory activity despite
retaining self-interact via its coiled-coil domain 1%, The K126.141 are conserved *3, and

it would be interesting to investigate the ubiquitination status and ATPase- and helicase-
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like activities of mIELF35. There is contradicting evidence whether mIELF35 possesses a
dominant negative effect on EBOV polymerase activity in the context of a minigenome
system 1219 Studying mIELF35 in the context of filovirus infection indicate whether this
factor could negatively regulate the viral polymerase.

In addition to VP35 K residue conservation, it is important to investigate whether
there are any tissue- and/or host-specific differences in the E3 ubiquitin ligase(s) that VP35
hijacks. Understanding the diversity of E3 ubiquitin ligases that can conjugate ubiquitin
onto VP35/K309 or synthesize unanchored, K63-polyUb that promotes polymerase
activity will aid in the design of potential therapeutics. Further, flexibility in which

ubiquitin ligase can fulfill this role may allow the virus to evade therapeutic intervention.

BLOCKING VP35 UBIQUITINATION

The translation of our findings into a novel EBOV treatment is a long-term goal.
Targeting VP35 ubiquitination and interaction with unanchored ubiquitin, TRIM6, and
TRIM25 may be a potential therapeutic strategy. We are currently working with a
collaborator to predict small molecule inhibitors that would block VP35’s interaction with
free Ub. A similar strategy could also be employed to model NP-Ub interactions once we
identify which of NP’s sub-domains facilitates the interaction. Structural data to model
VP35°’s 1ID ® and -TRIM25’s B30.2/SPRY % interactions could aid in identifying or
designing small molecules that could block VP35’s interaction with TRIMs 6 and -25. The
predicted inhibitors would then be screened with in vitro binding assays and tested with

the minigenome system before testing with infectious EBOV.

130



PACKAGING OF FREE UBIQUITIN INTO EBOV PARTICLES

A novel finding of our studies was the packaging of ubiquitin into EBOV particles.
Future studies are needed to elucidate the functional relevance. We could attempt to
prevent or enhance the incorporation of free Ub into EBOV particles through over-
expression or knockdown of 1soT in infected cells and purify virus from their supernatants.
Studies are needed to identify whether any E3 ligases, such as TRIM25, is able to facilitate
the synthesis of polyUb that is incorporated into the Ebola virus particles. Comparison of
the amount of free Ub incorporated into EBOV particles collected from cells with various
host factors knocked down or over-expressed could inform the mechanism of Ub
packaging. Based on the study investigating Ub packaging into IAV particles, we speculate
that the Ub may analogously facilitate uncoating of the nucleocapsid. Identifying the chain
linkage topology of the packaged chains is needed to substantiate our speculation that the
chains could promote primary transcription upon entry. We are also interested in
investigating the conservation of free-Ub packaging across Filoviridae and other virus

genera.
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119 126 141

MLAV ENSERINALEQQL- - - -KDYVPVIKMKNIEYLTKQVSELL EHLVISTGRTTAPAAA 147
MARV-Angola EVTTRVHEIERQL - ---HEITPVLKMQRF LEAISKGMSEMLAKYDHLVISTGRTTAPAAA 147
MARV-bat EMTTKVHEIERQL - - - -HDIJTPVVKMJK [ LEAISKGMSEML DHLVISTGRTTAPAAA 147
RAVN EMTTKVHEIERQL - ---HDITPVVKMAKFLEAISKGMSEMLAKYDHLVISTGRTTAPAAA 147

LLOV HQITTMERLEGSLQSIHQQUQVVGGMAHNLTSLTTLCTEMVAKYDFLVMTTGRATATAAA 138
RESTV RQNAAIEALENRLSTLESSUKPIQDMEKYISSLNRSCAEMVAKYDLLVMTTGRATSTAAA 147
SUDV RQTNATIESLEGRVTTLEASYKPVQDMAKFISSLNRSCAEMVAKYDLLVMTTGRATATAAA 147
BOMV QQALATESLEQRISSLESNHAKPVLDMAKJI TASLQRACSEMV. DLLVMTTGRATATAAA 159
EBOV QQTIASESLEQRITSLENGLKPVYDMAKFISSLNRVCAEMVAKYDLLVMTTGRATATAAA 158

BDBV KQTLATESLEQRITDLEGSYKPVSEITIKEVSALNRSCAEMVAKYDLLVMTTGRATATAAA 159

TAFV KQALNLESLEQRIIDLENGUKPMYDMAKVYISALNRSCAEMV DLLVMTTGRATATAAA 159

B 309

MLAV RIVRQVGIFTGRQPPTLKIKSLTLVPRPCQYKELRAVPPKPQLDKGWVCIYESEDGDRKAL 327
MARV-Angola RLSRTFDAFLGVVPPVIRVKNFQTVPRPCQYKSLRAVPPNPTIDKGWVCVYSSEQGETRAL 327
MARV-bat RLSRTFDAFLGAVPPVIKVKNFQTVPRPCQKSLRAVPPNPTIDKGWVCVYSSEQGETRAL 327
RAVN RLSRTFDAFLGAVPPVIKVKNFQTVPRPCQKSLRAVPPNPTIDKGWVCVYSSEQGETRAL 327
LLov QITKRIPIFGETPPPVIYIKTKQEIPKACQKPLRPLPPNPKIERGWVCHYVTADGKEMGL 318
RESTV QITKRVPIFQDVPPPIIHIRSRGDIPRACQKSLRPAPPSPKIDRGWVCLFKMQDGKTLGL 327
subv QITKRIPAFQDASPPIVHIKSRGDIPKACQKELRPVPPSPKIDRGWVCIFQFQDGKALGL 327
BOMV QITKRVPAFQEIPPPTIHIRSRGDIPRACQKSLRPVPPSPKIDRGWVCIFQLQDGKTLGL 339
EBOV QITKRVPIFQDAAPPVIHIRSRGDIPRACQKPLRPVPPSPKIDRGWVCVFQLQDGKTLGL 33
BDBV QITKRIPIFQDAAPPVIHIRSRGDIPKACQKBSLRPVPPSPKIDRGWVCIFQLQDGKTLGL 339

TAFV QITKRIPIFQDATPPTIHIRSRGDIPRACQKSLRPVPPSPKIDRGWVCIFQLQDGKTLGL 339

Figure 8.1 Alignment of Filovirus VP35

(A) Alignment of Filovirus VP35 for the region containing the K119.126.26 cluster (Zaire
ebolavirus (EBOV) numbering). Boxes are placed around the EBOV equivalent 119, 126,
and 141 residues. (B) Alignment of Filovirus VP35 for the region containing K309 (Zaire
ebolavirus (EBOV) numbering). A box is placed around the EBOV equivalent 309 residue.
(A-B) Alignments were done with EMBL-EBI CLUSTAL 0O(1.2.4) multiple sequence
alignment. The following protein FASTA files from NCBI were used: YP_010087184.1
(Mengla dianlovirus — MLAV), Q1PD52.1 (Marburg marburgvirus Angola strain —
MARV-Angola), QPJ58062.1 (MARV isolated from Rouessetus aegyptiacus),
AAC40456.1 (Ravn virus —RAVN), YP_004928136.1 (Lloviu cuevavirus — LLOV),
NP_690581.1 (RESTV), YP_138521.1 (SUDV), YP_009513275.1 (BOMV),
NP_066244.1 (EBOV), YP_003815433.1 (BDBV), and YP_003815424.1 (TAFV).
(Figure made by Sarah van Tol)
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