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ABSTRACT

TRIM25 is a member of the tripartite motif family of E3 ligases. This family
of proteins regulate many cellular processes, including development, cell growth,
differentiation, cancer, and innate immune response. TRIM25 is best
characterized as an important factor for anti-viral innate immunity, but also
functions in diverse RNA-dependent pathways. Previous TRIM25 studies have
identified cellular substrates and touched on its E3 ligase activity, but provided
little insight into the requirements for TRIM25 catalytic activation. By elucidating
the mechanisms involved in TRIM25 anti-viral activation, we can provide
a fundamental understanding of TRIM25-mediated processes. This work
employs structural, biophysical, and biochemical techniques complemented with
cell biology to analyze TRIM25’s tertiary and quaternary structures, as well as
essential factors for TRIM25 mediated anti-viral activity.

The cellular PRRs RIG-I and ZAP independently modulate an effective
anti-viral innate immune response through induction of IFN signaling and
translational inhibition of viral proteins, respectively. The E3 ligase TRIM25
enhances both RIG-I and ZAP anti-viral activities through polyubiquitination.
In order for ubiquitin synthesis to occur, TRIM25 must be catalytically activated
by substrate-induced higher-order oligomerization.

The TRIM25 coiled-coil domain is the initial site of oligomerization.
Structural studies reveal that the coiled-coil subunits are antiparallel in orientation
and composed of heptad-hendecad-heptad repeats of hydrophobic residues.

This pattern is maintained within other TRIMs as well. Many RING E3 ligases



require dimerization for catalytic activity. However, the central antiparallel
coiled-coil dictates that the catalytic RING domains remain sequestered at
opposite ends of the dimer.

Further structural and biochemical studies revealed that the RING domain
is a second site for TRIM25 oligomerization. Purified RING protein is monomeric
in solution, as demonstrated with analytical ultracentrifugation. A structure of the
RING domain in complex with a ubiquitin-conjugated E2 protein demonstrated
that the interaction requires RING dimerization. Mutations designed to disrupt
RING dimerization reduced TRIM25 E3 ligase activity and anti-viral activity
in vitro. Furthermore, purified full-length TRIM25 forms a tetrameric species in
solution and the introduction of either L69A or V72A result in only dimeric
TRIM25.

Full-length TRIM25 co-purifies with nucleic acids. Biochemical studies
revealed that RNA enhances TRIM25 ES3 ligase activity. A mutational analysis
identified a cooperative nucleic acid-binding mechanism within TRIM25. Lys and
Arg residues within the coiled-coil, Linker 2 region, and SPRY domain coordinate
nucleic acid binding as well as grant binding specificity to RNA over DNA.
Moreover, a reduction in RNA binding affinity correlated with a reduction of
TRIM25-mediated anti-viral activity.

Overall, this thesis provides a biochemical and structural basis for
understanding the mechanisms of TRIM25 catalytic activation, and how this

modulates an RNA-dependent cellular anti-viral response.
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CHAPTER 1

INTRODUCTION TO VIRUSES AND INNATE IMMUNITY



The Global Health Burden of Viruses

Viruses are the most numerous and genetically diverse organisms on the
planet. They are environmentally ubiquitous and capable of infecting organisms
from all three domains of life. Through various processes, viruses have greatly
impacted the evolution of cellular life (Koonin, Senkevich, and Dolja 2006;
Forterre and Prangishvili 2009; Feschotte and Gilbert 2012). Of importance,
viruses have caused some of the most dramatic and deadly disease pandemics
in human history. In the past century, outbreaks of Influenza, Smallpox, HIV
(human immunodeficiency virus), Ebola, Zika, SARS (severe acute respiratory
syndrome), MERS (Middle East respiratory syndrome) have underscored the
importance of understanding the host cellular mechanisms involved in developing
an antiviral immune response. Effective vaccination and quarantine strategies
have resulted in the eradication of the smallpox virus and the near-eradication of
the poliovirus. However, there remain many viruses within the human population
that require massive eradication efforts. Viruses are under constant evolutionary
pressure to alter their genetic make-up, which challenges the development of
effective vaccines. Additionally, it is not easy to predict where and when most
infectious agents will re-emerge.

The infectious properties of viruses enable them to spread horizontally
between hosts across many species. Arthropods, other mammals, and humans
themselves serve as main reservoir species for many human viruses. Mass
migrations, trade and travel have all greatly contributed to spreading infectious

diseases worldwide. Mass migrations, often the result of natural disasters and



war, can create an environment of poor hygiene and malnutrition, which hasten
the spread of infectious diseases. Economic trade led to the development of
large cities where viral diseases such as measles, rubella, and smallpox may
have gained a foothold after the human population reached a density high
enough to support endemic infections.

The 1918 H1N1 influenza virus pandemic left a notable scar on human
health. This pandemic virus infected over 500 million people worldwide and
resulted in the deaths of 50 to 100 million people (Taubenberger and Morens
2006). Influenza, like many other viruses, disproportionately affects juveniles,
the elderly, and the immunocompromised. The world health organization
estimates there are 3-5 million cases of severe illness, and up to 500,000 deaths
worldwide every year attributed to influenza (“WHO | Influenza (Seasonal)” 2017).
The impact of this pandemic was not limited to the initial outbreak. All influenza
A pandemics since that time, except those from avian viruses such as H5N1 and
H7N7, have been decedents of the 1918 virus. The H2N2 and H3N2 viruses,
which caused pandemics in 1957 and 1968 respectively, are composed of key
genes from the 1918 virus (Kilbourne 2006; Taubenberger and Morens 2006;
Taubenberger et al. 2017).

Acquired Immune Deficiency Syndrome (AIDS) was first recognized as
a new disease in 1981 (Centers for Disease Control (CDC) 1981; Greene 2007).
A retrovirus, termed the human immunodeficiency virus type 1 (HIV-1), was
subsequently identified as the causative agent of one of the most devastating

emerging diseases in recent history (Barré-Sinoussi et al. 1983; Gallo et al. 1984;



Popovic et al. 1984). Since its identification, the pandemic form of HIV-1 has
infected at least 60 million people and caused more than 25 million deaths.
The annual number of new HIV infections in the United States has been reduced
by more than two-thirds since the height of the epidemic in the 1980s due to
public health education and advances in anti-retroviral therapies (CDC 2017).
In 2016, there were an estimated 1.8 million new cases of HIV in, and 37 million
people living with HIV worldwide (Center for Disease Control and Prevention
2017).

From March 2014 through March 2016, West Africa experienced the largest
outbreak of Ebola virus in history since its discovery in 1976 (Breman et al. 2016).
On August 8™ 2014 the World Health Organization (WHO) declared the
epidemic to be a "public health emergency of international concern" (“WHO |
Statement on the 1st Meeting of the IHR Emergency Committee on the 2014
Ebola Outbreak in West Africa” 2014). The degree of morbidity and mortality, its
zoonotic origins and its possible spread to other countries and continents
alarmed the world to the presence of this outbreak. The total number of
suspected human cases of Ebola infection reached nearly 30,000, approximately
half of those cases were laboratory-confirmed, and a death count of over 11,000
(“2014-2016 Ebola Outbreak in West Africa | Ebola Hemorrhagic Fever | CDC”

2017).

Virus life cycle

In order to develop strategies for antiviral therapy we first need to

understand the life cycle of the virus as well as the accompanying host cell



response against an invading virus. These studies may provide strategic insight
into drug development directed at enhancing the host immune response at
critical junctures of viral infection.

All viruses share a canonical replication cycle involving six steps:
attachment, entry, uncoating, replication, assembly, and egress. Attachment.
Viruses attach to specific receptor site(s) on host cell outer membrane through
viral attachment proteins in the capsid or embedded within the viral envelope.
The specificity of this interaction determines the cell type(s) that can be infected
by a particular virus. Entry. Viruses enter the cell when the viral envelope fuses
directly with the cell membrane, or the host membrane engulfs the virus.
Uncoating. Once inside the cell, the viral capsid is disassembled, and the viral
nucleic acid is released. Replication. The replication mechanism depends on
the viral genome. A virus may carry its own polymerases, or usurp the host
polymerase machinery, to replicate the virus genome. Assembly. The viral
mMRNA directs the host cell to synthesize viral proteins and to assemble new
virions. Egress. The last stage of viral replication is the release of new virions
produced in the host. Newly formed viruses are then able to infect adjacent cells

or a new host organism to repeat the replication cycle.

Innate Immunity: Pathogen-Associated Molecular Patterns and Pattern
Recognition Receptors
The process of infection exposes several viral components to host defense

mechanisms. The immune system constitutes the first line of defense during
infection and has evolved under selective pressure imposed by infectious

microorganisms. As a result, host multicellular organisms have developed



various defense mechanisms that have the capacity to be triggered by infection
and to protect the host organism by eliminating the invading pathogen and
neutralizing their virulence factors. These phylogenetically ancient defense
mechanisms, collectively known as the innate immune system, use
germline-encoded receptors for the recognition of microbial pathogens.

Immune recognition is a unique biological process in that the immune
system continually selects against targets that it has evolved to recognize. While
most other host molecular recognition processes involve products of the same
genome, immune recognition is mediated between products encoded on different
genomes. This directs the evolution of innate immunity towards the recognition
of conserved molecular constituents of the pathogen (Medzhitov and Janeway
1997).

During infection, pathogens present to the host cell evolutionarily conserved
microbial structures termed pathogen-associated molecular patterns (PAMPS)
(Fig. 1). PAMPs are highly conserved molecules within a class of pathogens that
have essential functions in microbial fitness or survival and are distinguishable
from the host “self” (Janeway 2013; Nurnberger and Brunner 2002).
For example, teichoic acids and LPS are common components of gram-positive
and gram-negative bacteria, respectively (Gourbeyre et al. 2015; Jeong and Lee
2011; Iwasaki and Medzhitov 2010; Finlay and McFadden 2006; Aderem and
Ulevitch 2000; “LPS/TLR4 Signal Transduction Pathway” 2008); and
double-stranded RNA is a structural signature of several groups of RNA viruses

(F. Jiang et al. 2011; Gerlier and Lyles 2011; Ferrao and Wu 2012; Berke, Li, and



Fig. 1. Viral infection exposes viral PAMPs to cellular PRRs.

PRR recognition of viral PAMPs activate an anti-viral innate immune response.
Cellular factors like NF-KB and type-I interferons initiate a broad cellular defense

to restrict the virus life cycle.
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Modis 2013; Mogensen 2009). Pathogens of varied biochemical compositions
and life cycles, including viruses, bacteria, protozoa, and fungi are recognized
through surprisingly similar overlapping mechanisms by host pattern recognition
receptors (PRRs) (Akira, Uematsu, and Takeuchi 2006), demonstrating the
breadth and plasticity of the innate immune response.

Innate immune detection of PAMPs is mediated by a structurally diverse
set of PRRs. Functionally, PRRs are divided into two types: membrane-bound
receptors localized at cellular or endosomal membranes, and cytosolic receptors
that circulate throughout the cytoplasm. The family of toll-like receptors (TLRs)
are membrane-bound receptors that aid in recognition of pathogens during
a membrane-associated lifecycle step. Membrane-bound receptors provide
a substantial innate immune response but are not capable of fully sampling
intracellular cytosolic pathogens and their derivatives. Cytoplasmic PRRs
like retinoic acid-inducible gene | (RIG-I)-like receptors (RLRs) and
nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs) fill in that
defensive gap. An extensive property of the innate immune system is that no
single class of pathogen is sensed by only one type of PRR. Rather, during
infection, a number of PRRs are engaged by a given pathogen via various
PAMPs, securing a rapid and potent inflammatory response.

Upon PAMP recognition, PRRs communicate the presence of abnormal
host factors as a consequence of cellular stress, inflammation, or infection (Akira,
Uematsu, and Takeuchi 2006; “LPS/TLR4 Signal Transduction Pathway” 2008;

Mogensen 2009; Ilwasaki and Medzhitov 2010; Jeong and Lee 2011; Berke, Li,
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and Modis 2013; Gerlier and Lyles 2011; Killip, Fodor, and Randall 2015). RIG-I,
TLR3, TLR7, TLR8, and TLR9 are all examples of PRRs with a similar substrate
of non-self RNA (Akira, Uematsu, and Takeuchi 2006; Mogensen 2009; F. Jiang
et al. 2011; Berke, Li, and Modis 2013) (Fig. 2). RNA recognition by these PRRs
leads to the activation of the transcription factors interferon regulatory factor-3
(IRF-3) and nuclear factor kB (NF-xB). Activated IRF3 and NF-xB accumulate in
the host cell nucleus and bind to target promoters to induce the expression of
type-l interferons (IFNs) (Rawlings, Rosler, and Harrison 2017; Schneider,

Cheuvillotte, and Rice 2014).

Interferon and Interferon Stimulated Genes

The type-l IFN system provides a robust antiviral state, effective against all
types of viruses. Knockout mice that are defective in IFN signaling have high
mortality rates in response to various viral infections (Ryman et al. 2000; van den
Broek et al. 1995; Hwang et al. 1995; Grieder and Vogel 2017; Bray 2001;
Bouloy et al. 2001). Similarly, humans with genetic defects in interferon signaling
have a higher incidence of death due to viral disease (Dupuis et al. 2003).

Virus infection induces the production of intracellular IFN that can then be
secreted into the extracellular space. These extracellular cytokines circulate in
the body and trigger susceptible cells to express potent antiviral mechanisms,
thus limiting viral spread. Upon IFN binding to cell surface receptors, a signal is
transmitted through the membrane and into the cell, lead to dramatic changes in

cellular properties.
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Fig. 2. Intracellular sensing of viral RNA by the innate immune system.

Upon cell entry, the invading RNA virus releases its genome into the host
cytoplasm. Distinct pattern recognition receptors are able to recognize various
5 RNA cap structures gained by the viral RNA. In the absence of a cap
structure, the 5'-triphosphate of RNA is sensed by RIG-l. RIG-I nucleates
filament formation of mitochondria antiviral-signaling protein (MAVS), resulting
in the production of type | IFNs and the production of pro-inflammatory
cytokines. ZAP recognizes CpG dinucleotides in RNA. ZAP coordination with
RNA-induced silencing complex (RISC) results in the translational inhibition of
viral RNAs. The fidelity in which ZAP recognizes self vs. non-self RNA is
currently unknown. The 2’, §’-oligoadenylate synthetase (OAS)/RNase L system
induces degradation of viral and cellular RNAs. Autocrine and paracrine IFN
binds to cell surface type | IFN receptor (IFNR) and initiates the JAK-STAT
signaling cascade. Among hundreds of proteins encoded by IFN-stimulated
genes (ISGs), antiviral proteins like RIG-I, ZAP and TRIM25 provide an
enhancement in cellular defense. Viral RNA, exonucleases, and ISGs are
recruited to antiviral stress granules where viral RNA is degraded and the
interferon response is enhanced. Image adapted from (Decroly et al. 2011).
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All IFNs signal through the Janus kinase-signal transducer and activator of
transcription (JAK-STAT) signaling pathway (Rawlings, Rosler, and Harrison
2017). In brief detail, intracellular activation occurs when ligand, IFN, binding
induces the multimerization of the IFN receptor. JAK phosphorylates the IFN
receptor as well as the signaling molecule STAT. Phosphorylated STAT leads to
an interaction between IFN regulatory factor (IRF) 9 and ISG factor 3 (ISGF3)
(Schindler et al. 1992; Levy et al. 1989; Fu et al. 1990). ISGF3 then translocates
to the nucleus, where it binds IFN-stimulated regulatory elements in the DNA
upstream of interferon-stimulated genes (ISGs), resulting in the transcription of
hundreds of ISGs (Rawlings, Rosler, and Harrison 2017) (Fig. 2).

Interferon-stimulated genes take on a number of diverse cellular roles.
Collectively, they are highly effective in resisting and controlling pathogen
infection. Many ISGs control infection by directly targeting pathways and
functions required during pathogen life cycles. One method of viral restriction is
the control of gene expression of viral nucleic acids in anti-viral stress granules

(Jackson, Hellen, and Pestova 2010).

Stress Granules

Translation is one of the most energy-intensive cellular processes and must
be tightly regulated. When subjected to acute stress conditions, such as viral
infection, cells rapidly reprogram gene expression to deploy stress response
measures to conserve energy and minimize damage. Stress granules (SGs) are

large cytoplasmic foci that are nucleated by the aggregation of untranslated
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messenger ribonucleoproteins (mMRNPs), which accumulate as a result of
stress-induced translational arrest (Kedersha et al. 2000) (Fig. 2).

A diverse set of intermolecular interactions is essential for granule assembly.
Protein modifications like methylation, phosphorylation, glycosylation, and
poly-ADP  ribosylation (PARylation) influence stress granule assembly
presumably by altering specific protein-protein interactions (Leung et al. 2011; S.
Kwon, Zhang, and Matthias 2007; Wippich et al. 2013; Ohn et al. 2008; Goulet et
al. 2008; Nott et al. 2015; Tourriere et al. 2003; Yang et al. 2014; Jackson, Hellen,
and Pestova 2010) Moreover, stress granules appear to form through the
crosslinking of untranslated mRNAs that can provide a scaffold for multivalent
mMRNP interactions (Protter and Parker 2016).

Hundreds of proteins have been identified to associate with stress granules
(Jain et al. 2016). For example, SG-recruited members of the 40s ribosome stall
translation of host and viral proteins, the ribonucleases XRN1 and RNase L
degrade available RNA (McCormick and Khaperskyy 2017), both of which lead to
decreased translation of viral proteins. Many SG-recruited proteins are also
ISGs; namely, retinoic acid-inducible gene | (RIG-I), zinc-finger antiviral protein
(ZAP), and tripartite motif-containing protein 25 (TRIM25) (Bock, Todorova, and
Chang 2015; Todorova, Bock, and Chang 2015; Sanchez-Aparicio et al. 2017).
RIG-I and ZAP are both cytosolic PRRs of foreign nucleic acids. Functionally,
their respective antiviral activities act independently of each other, but at the
same time complement one another. Of particular importance to this dissertation,

the anti-viral functions of both RIG-I and ZAP are enhanced by the enzymatic
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activity of TRIM25 (Gack et al. 2007; J. Sanchez et al. 2016; Li et al. 2017;
Zheng et al. 2017). The trafficking of RIG-I, ZAP, and TRIM25 into SGs provides

an opportune moment for these proteins to synergize an anti-viral response.

ZAP
ZAP belongs to the poly ADP-ribose polymerase family of proteins (PARPS),

which regulate fundamental cellular processes through the modification of target
proteins with ADP-ribose. ZAP antiviral function was initially identified in
a screen for novel antiviral proteins (Bick et al. 2003). Since then, ZAP has been
implicated as a host restriction factor against a variety of RNA viruses (Table 1)
including filoviruses, retroviruses, and alphaviruses (Wang et al. 2012; Mao et al.
2013; Zhu et al. 2011; Muller et al. 2007; Gao 2002). The domain architecture of
ZAP consists of an N-terminal RNA binding domain containing 4 CCCH zinc
fingers, a putatively unstructured serine and glycine-rich region, a WWE domain,
and a C-terminal PARP domain. Humans naturally express two ZAP isoforms
through alternative splicing, ZAP-long (ZAPL) and ZAP-short (ZAPS) (Fig. 3).
ZAPL is farnesylated at a CaaX-motif within the PARP domain, which serves
a membrane localization signal, possibly allowing ZAPL to target viruses with an
endocytic life cycle (Charron et al. 2013). In contrast, ZAPS does not contain
a PARP domain, and therefore likely samples cytosolic substrates. Interestingly,
ZAPS, rather than ZAPL, is transcriptionally activated by interferon during viral
infection (Schoggins and Rice 2011; Atasheva, Frolova, and Frolov 2014;

McCormick and Khaperskyy 2017).



Table 1. Viruses detected by ZAP and RIG-I

Viruses Detected by ZAP

Alphaviruses

(Bick et al. 2003)

Filoviruses
Ebola Virus
Marburg Virus

(Muller et al. 2007)

Hepatitis B virus

(Mao et al. 2013)

Maloney MuLV

(Gao 2002)

Viruses Detected by RIG-I

Paramyxoviridae
Sendai virus
Newcastle disease virus
Respiratory syncytial virus
Measles
Nipah
Human parainfluenza 5 mRNA

(Kato et al. 2005;
Yoneyama et al. 2004;
Loo et al. 2008;
Plumet et al. 2007;
Habjan et al. 2008;
Luthra et al. 2011)

Rhabdoviridae
Vesicular stomatitis virus

(Kato et al. 2005;
Yoneyama et al. 2004;

Rabies virus Hornung et al. 2006)

Orthomyxoviridae (Kato et al. 2006;
Influenza A Loo et al. 2008)
Influenza B

Filoviridae (Habjan et al. 2008)
Ebola

Arenaviridae (Habjan et al. 2008;
Lassa Zhou et al. 2010)

Lymphocytic choriomeningitis virus

Bunyaviridae
Rift Valley fever virus

(Habjan et al. 2008)

Flaviviridae
Hepatitis C virus

(Sumpter Jr. et al. 2005;
Saito et al. 2007)

Coronaviridae
Murine hepatitis virus

(Roth-Cross, Bender, and Weiss 2008)

Caliciviridae (McCartney et al. 2008)
Murine norovirus-1
DNA viruses (Samanta et al. 2006;

Epstein-Barr virus EBER
myxoma virus

Wang et al. 2008)

Flaviviridae
Japanese encephalitis virus
Dengue virus
West Nile virus

(Kato et al. 2006;
Loo et al. 2008;
Fredericksen et al. 2008)

Reoviridae dsRNA S
Reovirus

(Kato et al. 2008; Loo et al. 2008)

16
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Fig. 3. Humans naturally express two ZAP isoforms through alternative
splicing, ZAP-long (ZAPL) and ZAP-short (ZAPS).

ZAPL lacks critical residues of the HYE motif present in other PARPs required
for ADP-ribosylation activity, whereas ZAPS lacks a PARP domain altogether.
Therefore, both isoforms lack PARP activity and are unable to ADP-ribosylate
target proteins. Interestingly, both ZAPL and ZAPS contain a nuclear
localization and export signal, and likely shuttle between the nucleus and the
cytoplasm in a XPO1-dependent manner.
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A recent study has determined that ZAP distinguishes between self and
non-self RNA through recognition of an RNA CpG motif, which is vastly
underrepresented in vertebrates (Takata et al. 2017). In double-stranded DNA
the CpG dinucleotide is subject to G to T mutations, driven by CG-specific DNA
methyltransferases (C. P. Walsh and Xu 2006; Ng and Bird 1999). Therefore,
vertebrate evolution has resulted in the selection against CpG dinucleotides
within their genomes due to the commonality of G to T mutations (Bird 1980).

The four CCCH zinc fingers situated within the N-terminus of ZAP mediate
RNA binding. The zinc fingers cooperate to form two RNA-interacting clefts that
are thought to provide specificity and selectivity of binding (Chen et al. 2012).
RNA-bound ZAP serves as a recruiting element for RNA destabilizing factors,
and likely other effector proteins involved in the cellular stress response
(Atasheva, Frolova, and Frolov 2014; Guo et al. 2007; Seo et al. 2013).

Recent genome-wide siRNA screens have revealed that TRIM25 enhances
the antiviral actions of ZAP but does not seem to be in a ubiquitin-dependent
manner (Li et al. 2017; Zheng et al. 2017). Immunoprecipitation of both ZAPS
and ZAPL found that the TRIM25 SPRY domain interacts with the ZAP
N-terminal RNA-binding domain (Li et al. 2017). Interestingly, both of these
domains are required for RNA binding, so it remains unclear whether or not RNA
in fact bridges the putative ZAP-TRIM25 interaction. Two explanations of
TRIM25 function could be: 1) the E3 ligase activity of TRIM25 enhances ZAP

function by ubiquitylating other host factors, 2) TRIM25 is mediating optimal ZAP
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binding to target RNA. The role of TRIM25 in the enhancement of ZAP anti-viral

activity remains an outstanding question.

RIG-I
The RLR family of DExD/H box RNA helicases plays a pivotal role in

detecting cytoplasmic viral RNA. The RLRs signal downstream transcription
factor activation to drive type-I IFN production and antiviral gene expression that
elicit an intracellular immune response to control viral infection. RLR expression
is typically maintained at low levels in resting cells but is greatly increased with
IFN exposure and after virus infection (Kang et al. 2004; Yoneyama et al. 2004).
RIG-I is a prototypical member of this family that recognizes RNA from a broad
range of viruses (Table 1). Many studies have led to the characterization of the
RIG-I substrate (reviewed in Loo and Gale 2017) as 5'-triphosphorylated (5'ppp)
blunt-ended dsRNA.

RIG-I consists of 3 distinct domains: (1) an N-terminal region consisting of
tandem caspase activation and recruitment domains (2CARD), (2) a central
DExD/H box RNA helicase domain with the capacity to hydrolyze ATP, and
(3) a C-terminal domain (CTD) that is involved in auto-regulation of RIG-I
(Fig. 4A). Signal transduction of an anti-viral response occurs through 2CARD
interaction with the downstream adaptor protein mitochondria anti-viral signaling
protein (MAVS) (Peisley et al. 2014; Wu et al. 2014; Cai et al. 2014). RNA
binding to RIG-I is mediated both by the CTD, which specifically binds the 5'ppp
end and the helicase domain (Kowalinski et al. 2011; Luo et al. 2012; F. Jiang et

al. 2011).
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Figure 4. Mechanism of RIG-I activation and signaling.
A) RIG-I is composed of three major domains: 2CARD, helicase, and CTD.

B) RIG-I takes on an auto-inhibited state in the absence of a substrate.
A proper substrate along with ATP binding allows for RIG-I translocation along
the RNA as well as releases 2CARD.

C) K63-linked polyubiquitin chains stabilize the 2CARD tetramer, in which
2CARD tetramerization is required to nucleate the MAVS filament. The adaptor
protein MAVS activates transcription factors leading to the production of NF-xB
and interferon.
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In the absence of an RNA substrate, RIG-I adopts an autoinhibited
conformation that is unable to signal type-l IFN production, stabilized by salt
bridges and hydrophobic interactions between 2CARD and a helicase subdomain
(Kowalinski et al. 2011) (Fig. 4B). The autoinhibited RIG-I maintains a high
degree of structural flexibility that facilitates its surveillance for viral RNAs.
Various studies have demonstrated that the ligand-free helicase domain has
significant flexibility between the helicase subdomains (Luo et al. 2012; F. Jiang
et al. 2011). Similarly a structural study of full-length RIG-I found the CTD was
disordered in the crystal structure, suggestive of flexibility (Kowalinski et al. 2011).
RIG-I substrate binding occurs through the flexible CTD sampling the
surrounding space for 5’ppp dsRNA, allowing for cooperative binding of ATP and
RNA to the helicase domain. RIG-I translocates along the RNA in an
ATP-dependent manner, exposing the 5'ppp, and allowing further RIG-I
molecules to bind the same RNA (Peisley et al. 2013) (Fig. 4B). Helicase
binding to RNA releases 2CARD and results in a signaling-competent state.
2CARD release allows its interaction with the N-terminal CARD of the
downstream signaling adaptor molecule, MAVS (Peisley et al. 2014). Upon
interaction with RIG-I 2CARD, MAVS CARD forms a self-perpetuating filament,
ultimately generating a type-I interferon (IFN) response (Wu et al. 2014; Cai et al.
2014; Peisley et al. 2014) (Fig. 4C).

Recent studies have uncovered the interaction of the N-terminal CARD of
MAVS with a tetrameric assembly of 2CARD from RNA-bound RIG-I initiates the

MAVS prion-like filament formation (X. Jiang et al. 2012; Peisley et al. 2014; Wu
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et al. 2014). The helical tetrameric “lock washer” architecture of RIG-I 2CARD
serves as a template that recruits individual MAVS CARD along the extended
helical trajectory predefined by the RIG-I 2CARD tetramer. As a result, the
helical architecture of the RIG-I 2CARD is precisely preserved in the MAVS
CARD filament (Peisley et al. 2014). MAVS formation of protease-resistant
prion-like fibrils effectively converts endogenous monomeric MAVS on the
mitochondria into a functional signaling platform for the induction of an anti-viral
response (Hou et al. 2011) (Fig. 4C). Importantly, MAVS filament formation is
dependent upon an activated RNA-bound RIG-I that then allows for RIG-I
2CARD tetramerization. Otherwise, uncontrolled MAVS assembly will have
harmful consequences to the cell, and so a variety of mechanisms have evolved
to dictate where, when and how the RIG-I 2CARD seeds MAVS CARDs
assembly (Chiang, Davis, and Gack 2014).

Ubiquitin (Ub) is a well-characterized regulator of the RIG-I 2CARD/MAVS
CARD seeding mechanism (Gack et al. 2007, 2008; Q. X. Jiang and Chen 2012;
Peisley et al. 2014; Zeng et al. 2010). Activated 2CARD has been shown to be
modified with both anchored and unanchored K63-linked poly-ubiquitin chains
(K63-polyUb) (Gack et al. 2007; Q. X. Jiang and Chen 2012; Zeng et al. 2010).
Structural and biochemical studies have revealed that K63-polyUb wrap around
four RIG-I 2CARD molecules to induce and stabilize the “lock washer”
configuration (Q. X. Jiang and Chen 2012; Peisley et al. 2014) (Fig. 4C).
Furthermore, ubiquitylation at a key residue within RIG-1 2CARD, Lys172, located

at the aqueous surface that faces the helicase domain, is proposed to promote
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steric hindrance for the autoinhibited RIG-| state (Kowalinski et al. 2011). Both
types of K63-polyUb are synthesized by the E3 ubiquitin ligase, TRIM25, which is
an essential component of the RIG-I pathway (Gack et al. 2007; Zeng et al. 2010;

J. Sanchez et al. 2016).

TRIM25

TRIM25 belongs to the tripartite motif (TRIM) protein family, which consists
of over 70 distinct members (Meroni and Diez-Roux 2005). The family derives its
name from three conserved N-terminal domains: a really interesting new gene
(RING) domain, one or two B-Boxes (B1/B2) and a coiled-coil domain (CCD).
A variable C-terminal domain follows the tripartite motif RING-B1/B2-CCD
(RBCC) (Fig. 5). The RING domain recognizes the ubiquitin-loaded E2
conjugating enzyme and promotes ubiquitin conjugation to target proteins
(Plechanovova et al. 2012; Dou et al. 2012). The B-boxes mediate
self-association and could also contribute to the E3 ubiquitin ligase activity of
TRIM proteins (Wagner et al. 2016). The CCD is necessary for TRIM
oligomerization (Cainarca et al. 1999; Reymond et al. 2001) Finally, the variable
C-terminal domain may mediate interactions with specific substrates.

A unifying theme for all TRIMs is that their ability to catalyze ubiquitin
transfer is an important functional requirement. Ubiquitin conjugation requires an
E1-activating enzyme and ATP as an energy source, an E2-conjugating enzyme,
an E3-ligase (Fig. 6). The RING domain of TRIM proteins confers E3 ligase
activity by facilitating interaction with E2 enzymes, while their unique C-terminal

domain allows for substrate specificity.
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Fig. 5. TRIM25 organization.

TRIM proteins are composed of a conserved set of N-terminal domains: a really
interesting new gene (RING) domain, one or two B-Boxes (B1/B2) and
a coiled-coil (CC) domain. A variable C-terminal domain follows the tripartite
motif RING-B1/B2-CC (RBCC). TRIM25 contains a C-terminal SPRY domain.
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Fig. 6. The ubiquitination system

Ubiquitin is a 76-amino-acid protein involved in a wide variety of cellular
processes. The free C-terminal glycine residue of Ub is most commonly
conjugated to a lysine residue of specific substrate proteins (Trempe 2011). In
turn, Ub itself contains seven lysines (K6, K11, K27, K29, K33, K48, and K63)
on which polyUb chains can be formed when the C-terminal glycine of one Ub
molecule is conjugated to a lysine of another Ub molecule. The conjugated Ub
linkage type dictates the downstream cellular function of the substrate
(Komander and Rape 2012). For example, proteins covalently modified with
K48-linked polyUb are degraded by the Ub-proteasome system. In contrast,
proteins modified with K63-linked polyUb chains are involved in activation of
antiviral signaling. Moreover, Ub does not require covalent conjugated to a
protein to exert a signaling effect on that protein (Yau and Rape 2016). Ub
conjugation requires an E1-activating enzyme, an E2-conjugating enzyme, an
E3-ligase, and ATP as an energy source. Humans encode for 1 E1 protein, ~40
E2 proteins, and hundreds of E3 proteins (Stewart et al. 2016). The
ubiquitination process starts with the activation of the ubiquitin C-terminus by the
E1 enzyme in an ATP dependent manner to create an E1~Ub conjugate. The
activated Ub is then passed over to an E2 enzyme. Finally, an E3 ligase
facilitates the transfer of Ub from the E2 onto the substrate.
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TRIM proteins contribute to a broad range of cellular functions, including
antiviral activity, oncogenesis, autophagy, apoptosis and transcriptional
regulation (Hatakeyama 2011; Napolitano and Meroni 2012; Rajsbaum,
Garcia-Sastre, and Versteeg 2014). Moreover, most TRIMs undergo alternative
splicing, promoting additional diversity in protein function (Rajsbaum,
Garcia-Sastre, and Versteeg 2014; Versteeg et al. 2013). Interestingly, several
TRIM proteins have been implicated in more than one cellular process. This
multi-functionality extends to TRIM25.

TRIM25, the main subject of this dissertation, is composed of the RBCC
domain and a C-terminal SPRY domain. TRIM25 was first annotated as
estrogen-responsive finger protein (EFP), due to its transcriptional upregulation
by estrogen (Inoue et al. 1993). TRIM25 was found to target 14-3-30 (a negative
cell cycle regulator that causes G2 arrest) for proteolysis, resulting in increased
cell growth and tumorigenesis (Urano et al. 2002; Horie et al. 2003). TRIM25 is
now a key biomarker for the detection of breast cancer (Horie et al. 2003;
L. A. Walsh et al. 2017)

Regulation of RIG-I signaling is one of the best-characterized roles of
TRIM25 (Gack et al. 2007, 2008). RIG-I recognition of viral RNA exposes its
2CARD domain for binding to the SPRY domain of TRIM25 (D 'Cruz et al. 2013;
Gack et al. 2007, 2008). TRIM25 then synthesizes and conjugates K63-polyUb
to residues K99, K169, K172, K181, K190 and K193 of RIG-I 2CARD (Gack et al.
2007, 2009; D 'Cruz et al. 2013). As mentioned earlier, these polyUb chains

stabilize the 2CARD “lock washer” configuration (Peisley et al. 2014).
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TRIM25 is also involved in the translational inhibition of viral RNA through
interaction with ZAP, a broad-spectrum inhibitory protein. TRIM25 interacts with
ZAP through the SPRY domain, and TRIM25 mutants lacking the RING fail to
stimulate ZAP’s antiviral activity (Li et al. 2017; Zheng et al. 2017).

The importance of TRIM25 in anti-viral signaling is further underscored by
the fact that the NS1 protein of influenza A viruses directly antagonize TRIM25
activity. NS1 specifically inhibits TRIM25-mediated RIG-I 2CARD ubiquitination
and decreases the cellular interferon response to Influenza A infection (Gack et
al. 2009).

Most recently, TRIM25 has been identified as a novel RNA binding protein.
TRIM25 RNA binding has been linked to cellular processes such as: microRNA
processing linked to tumor growth (N R Choudhury et al. 2014), serving as
a target for Dengue subgenomic RNA (Manokaran et al. 2015), and having a role
in stem-cell physiology through interactions with mRNA (S. C. Kwon et al. 2013).

The aforementioned TRIM25-regulated binding-partners provide insight into
the variable substrates that are recognized by the C-terminal SPRY domain.
Evolutionary analysis of TRIM proteins have found that the SPRY domain has
had a marked selective advantage over the other C-terminal domains (Rhodes,
De Bono, and Trowsdale 2005). Approximately 50% of human TRIM proteins
contain a B30.2 (PRY/SPRY) domain at the C-terminus (Rajsbaum,
Garcia-Sastre, and Versteeg 2014; Nisole, Stoye, and Saib 2005). The SPRY
domain is found in ~100 human proteins and is involved in protein-protein

interactions and RNA binding (Nisole, Stoye, and Saib 2005). The typical
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structure of the SPRY domain is a six to seven-stranded antiparallel B-sheets,
arranged in a B-sandwich fold, similar to that of an immunoglobulin-like fold
(James et al. 2007; D 'Cruz et al. 2013) The antibody-like flexible loops that
connect B-strands termed variable loops, grant substrate-binding specificity.

The goal of this dissertation research was to elucidate the mechanisms by
which TRIM25 modulates anti-viral innate immune responses. Chapter
2 describes how the CCD dictates the tertiary structure of TRIM25 as well as
many other TRIMs (Sanchez et al. 2014). Chapter 3 describes the requirement
of TRIM25 higher-order oligomerization for E3 ligase activity as well as cellular
anti-viral activity (Sanchez et al. 2016). Chapter 4 describes that the RNA
binding property of TRIM25 is integral to its anti-viral activity. Overall, the
collective data demonstrate the structural factors engaged in TRIM25 E3 ligase
activation. The data reflect the quality control requirements involved in TRIM25

signal propagation.
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ABSTRACT

Tripartite motif (TRIM) proteins make up a large family of
coiled-coil-containing RING E3 ligases that function in many cellular processes,
particularly innate antiviral response pathways. Both dimerization and
higher-order assembly are important elements of TRIM protein function, but the
atomic details of TRIM tertiary and quaternary structure have not been fully
understood. Here, we present crystallographic and biochemical analyses of the
TRIM coiled-coil and show that TRIM proteins dimerize by forming interdigitating
antiparallel helical hairpins that position the N-terminal catalytic RING domains at
opposite ends of the dimer and the C-terminal substrate-binding domains at the
center. The dimer core comprises an antiparallel coiled-coil with a distinctive,
symmetric pattern of flanking heptad and central hendecad repeats that appear
to be conserved across the entire TRIM family. Our studies reveal how the
coiled-coil organizes TRIM25 to polyubiquitylate the RIG-I/viral RNA recognition
complex and how dimers of the TRIMS5a protein are arranged within hexagonal

arrays that recognize the HIV-1 capsid lattice and restrict retroviral replication.
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INTRODUCTION

Tripartite motif (TRIM) proteins make up the largest super-family of RING
E3 ubiquitin ligases, with more than 100 members in the human proteome (1, 2).
TRIM proteins function in a variety of cellular pathways, and many regulate
innate immunity and/or mediate antiviral responses. Antiviral TRIMs include
TRIM25, which regulates the IFN response to RNA viruses (3,4), and TRIM5aq,

which senses and inhibits early stages of retroviral replication (5, 6).

TRIM proteins share a common N-terminal domain organization, termed
the tripartite or RBCC (RING, B-box, coiled-coil) motif, followed by variable
C-terminal protein recognition domains (Fig. 1 A-B). “Linker” segments of
unknown structure typically separate both the RING and B-box domains (L1) and
the coiled-coil and terminal effector domains (L2). The coiled-coil region
mediates oligomerization, and both homooligomeric and hetero-oligomeric
TRIMs have been described (7—13). Furthermore, many TRIM proteins form
higher-order assembilies in vitro and form punctate or fibrous structures in cells
(14-16). For example, TRIM5a assembly allows the protein to function as
a cytosolic pattern-recognition receptor that can intercept the incoming capsids of
diverse retroviruses, including HIV-1 (6). This results in species-specific
“restriction” of viral replication (5), capsid dissociation (5, 6), and induction of
innate immune responses (17). Retroviral capsids are recognized through
a remarkable mechanism of multivalent pattern recognition. TRIMSa forms
a homo-dimer (10, 11, 18), which can further assemble into a 2D lattice of linked

hexagons (18). The hexagonal TRIM5a net matches the symmetry and spacing
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Fig. 1. Domain organization and dimerization of TRIM proteins.

(A) Schematic of the domain structure of TRIM25. The principal domains and
linker regions are RING (red), L1 (gray), B-box 1 (yellow), B-box 2 (orange),
coiled-coil (green), L2 (gray), and B30.2/SPRY (blue). The TRIM251g9-379
construct used in this study is shown beneath (black), with the secondary
structure derived from the crystal structure (rectangles represent helices).

(B) Analogous schematic of the domain structure of TRIMSa. TRIMSa does not
contain a B-box 1 domain and has a shorter L2. The TRIM5a133-300 construct
used in this study is shown beneath (black). The asterisk denotes a predicted
helix (H3) that crosses from L2 into the B30.2 domain.

(C) TRIM1ge-379 is a stable dimer in solution. Equilibrium sedimentation
distributions of the indicated protein concentrations are shown for the rotor
speed of 12,000 rpom. (Upper) Absorbance measurements (open symbols; 280
nm) and best-fit curves (solid lines). (Lower) Residual differences. Equilibrium
distributions were also measured at rotor speeds of 17,000 and 23,000 rpm (not
shown for clarity), and all of the data were globally fit to a single-species model
in which the molecular weight (Mobs) was allowed to float (Moss = 41,674 Da;
Mcaic = 21,835 Da; Mobs/Mcaic = 1.91). Fits in which the molecular weight was
fixed to that of a dimer are shown in Fig. 2A.

(D) TRIM5a133-300 is also a stable dimer in solution (Mos = 43,505 Da;
Mcaic = 23,038 Da; Mobs/Mcaic = 1.89). See Fig. 2D for fits to a single-species
model with a fixed dimer molecular weight.
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of the retroviral capsid surface lattice, thereby positioning multiple C-terminal
B30.2/SPRY domains to interact with their repeating binding epitopes on the

capsid.

Structures of isolated RING, B-box, and C-terminal domains of several
TRIM proteins have been described, but the molecular details of TRIM
oligomerization and high-order assembly have yet to be defined. Here, we report
biochemical and crystallographic characterization of a coiled-coil-containing
fragment of TRIM25. The crystallized construct forms a stable dimer in solution,
and the structure reveals an elongated dimer composed of interdigitating
hairpin-shaped subunits. We also present evidence that this dimer architecture is
conserved across other TRIM family members, including TRIM5a. Finally, our
studies allow us to assign the domain organization in the low-resolution EM
reconstruction of the TRIM5a lattice (18) and thereby gain new insights into the

mechanism of retroviral capsid pattern recognition.

RESULTS

TRIM25189-379 Forms an Elongated, Antiparallel Dimer. We chose
human TRIM25 for analysis because it lacks the propensity of TRIMSa to form
high-order assemblies and is therefore more tractable biochemically. In initial
experiments, we found that a series of coiled-coil-containing TRIM25 constructs,
including the full tripartite motif and the full-length protein, behaved as single

species during purification. All of these constructs eluted rapidly on gel filtration
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chromatographs, indicating they had elongated shapes and/or were oligomers.
The shortest well-behaved construct spanned residues 189-379, which includes
the entire coiled-coil region as well as the N-terminal half of the L2 linker region
that connects the coiled-coil to the B30.2/SPRY domain (Fig. 1A). Analytical
ultracentrifugation experiments revealed that this construct is a stable dimer

(Fig. 1C; Fig. 2 A-C), implying that the full-length protein is also probably dimeric.

To determine the molecular basis for TRIM25 dimerization, we crystallized
native and selenomethionine-labeled TRIM251s9-379 and determined its structure
to 2.6 A resolution (Fig. 3; Table 1). The asymmetric unit comprises a single,
elongated dimer ~17 nm in length (Fig. 4). Each subunit in the symmetrical dimer
folds back into a hairpin configuration with long and short arms. The elements
annotated as the coiled-coil and L2 linker are structurally distinct, with the
coiled-coil residues forming the long arm of each subunit (helix H1, colored green
in Fig. 4A) and the L2 residues forming the short arm that folds back and packs
against H1 (helices H2, H3, and an irregular but well-ordered intervening
segment, colored gray). The two subunits dimerize intimately in an antiparallel
orientation, similar to two interdigitated bobby pins (Fig. 4B). Almost all
hydrophobic side-chains are involved in packing interactions, which occur along
the entire length of each hairpin and bury a total surface area of 5,102 A2. Polar
and charged side-chains also form numerous hydrogen bonding and salt bridge

interactions.

TRIM proteins have been predicted to contain two distinct coiled-coil

segments separated by a helical, but noncoil, segment (19, 20). The TRIM25
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Fig. 2. TRIM25189-379 and TRIM5a133-300 proteins form stable dimers.

(A—C) Equilibrium distributions of the indicated protein concentrations were
measured at rotor speeds of 12,000, 17,000, and 23,000 rpm.
(Upper panel) Absorbance measurements (open symbols) and best-fit curves
(solid lines). (Lower panel) Residual differences. All data were globally fit to
a single-species model in which the molecular weight was constrained to that
of a dimer (M =2 x 21,835 Da = 43,670 Da).

(D-F) Equilibrium distributions for TRIM5a133-300 also fit a single-species
dimer model (M = 2 x 20,238 Da = 40,476 Da).
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Fig. 3. Structure determination of TRIM25139_37.

(A) Stereoview showing a section of the experimental 2mFo-DFc density
modified map (blue mesh, 1.50) and anomalous Se difference map (magenta
mesh, 8c) overlaid with a Ca trace of the partially refined model for the
selenomethionine data set. Residues shown are in the area surrounding
Met209.

(B) Stereoview showing unbiased 2mFo-DFc density (magenta mesh, 1.50)
after a round of rigid body and real space refinement (R = 0.45) of the
molecular replacement solution (residues 195-200 for each subunit). Blue
mesh shows 2mFo-DFc density (10) calculated with phases from the final, full
model. Residues shown are in helix H3, which was not present in the initial
molecular replacement model.

(C) Superposition of the TRIM251s9-379 heptad repeat regions with PDB
accession no. 1CXZ chain B, which is a canonical left-handed antiparallel
coiled-coil hairpin (14). The average root mean square deviation over 61
equivalent Ca atoms was 0.75 A. The structure-based alignment with
corresponding heptad assignments is indicated below.

(D) Superposition of the TRIM251s9-379 hendecad repeat regions with PDB
accession no. 3VEM, which is an antiparallel dimer containing 4 hendecads
(15). The average root mean square deviation over 90 equivalent Ca atoms
was 1.42 A. The structure-based alignment with corresponding hendecad
assignments is indicated below.
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Table 1. Diffraction data and refinement statistics for TRIM25159-379

Se Native
Diffraction
Beamline APS 22-ID APS 22-ID
Wavelength (A) 0.9791 1.000
Space group P212124 P212124
Cell dimensions a=528A a=577A
b=69.6 A b=832A
c=108.5A c=928A
a=B=y=90° a=B=y=90°
Resolution range (A) 50-3.2 (3.31-3.2) 50-2.59 (2.69-2.59)
Rsym 0.12 (0.43) 0.14 (0.78)
Mean l/o<I> 14.8 (2.3) 17.3 (2.2)
Completeness (%) 86.8 (46.7) 96.9 (81.4)
Average redundancy 11.0 (4.6) 13.1(9.1)
Mosaicity range (°) 0.49-1.4 0.72-1.22
Wilson B-factor (A?) 65.5 43.6
Phasing
Number of sites, expected/found 6/6
Figure of merit 0.31

Refinement
Resolution range

No. of unique reflections

42.2-2.59 (2.75-2.59)
13,042 (892)

Reflections in free set 1,296 (94)

Rwork 0.20 (0.30)

Rfree 0.26 (0.38)
Number of nonhydrogen atoms

Protein 2,778

Solvent 55
Average B-factor (A?)

Protein 53.1

Solvent 47.7
Coordinate deviations

Bond lengths (A) 0.009

Bond angles (°) 1.17
Ramachandran plot

Favored (%) 97

Ouitliers (%) 0

Molprobity clash score 4.07

Protein Data Bank ID 4LTB

Values in parenthesis are for the highest-resolution shell.
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Fig. 4. Structure of the TRIM254g9-379 dimer.

(A) Orthogonal views of the dimer in ribbons representation, with the coiled-coil
and L2 segments colored in green and gray, respectively (matching the color
scheme of Fig. 1).

(B) Orthogonal views of the dimer with one subunit colored in rainbow gradient,
with blue at the N-terminus and red at the C-terminus, and the other subunit in
white.
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structure reveals that these segments actually make up a single contiguous caill,
helix H1, which forms the long arm of each subunit. The dimeric H1-H1’
interaction is mediated by classic “knobs-into-holes” packing of both heptad
repeats (wherein amino acid residue positions in each repeat are denoted by the
letters abcdefg) and hendecad repeats (abcdefghijk) (Fig. 5, Fig. 3 C-D).
Residues in the h positions of the hendecads also form “knobs-to-knobs”
interactions (21). The repeats are arranged in a symmetric
7-7-7-7-11-11-11-11-7-7-7-7 pattern, which produces a supercoil that is
canonically left-handed at the ends but is underwound and slightly right-handed
in the middle. This unusual configuration likely explains why sequence analysis
programs failed to predict H1 as a single, contiguous coil. The hendecads
mediate interactions at the center of the coiled-coil, and superhelical
underwinding allows H1 and H1' to sit side by side and form an amphipathic
platform. Here, the terminal H3 helices from the short arm of each hairpin pack
against one side of the platform to form a 4-helix bundle. Thus, the structure
indicates that both ensuing C-terminal B30.2 domains will be centrally located on

the same side of the dimer.

TRIM25 Dimerization Requires Hydrophobic Residues at the Center
of the Coiled-Coil. The central region of the coiled-coil platform (boxed in
Fig. 5A, expanded in Fig. 5B) has a particularly high density of intermolecular
interactions because of tight packing of the H1 helices against one another and
against the H3 helices (Fig. 3). Key H1-H1' interactions in this region include the

Leu252 side-chain, which packs against Tyr245', Met248', Lys249’', and the
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Fig. 5. Dimeric packing of TRIM coiled-coil helices.

(A) Coiled-coil formed by the H1 and H1' helices in the TRIM251g9-379 structure.
Side-chains that mediate interhelix packing interactions are numbered and
shown as spheres, with the a, d, and h positions colored in red, yellow, and
cyan, respectively. Circled numbers indicate mutation sites analyzed in C.
The dimer symmetry axis (black oval) runs perpendicular to the page.

(B) Expanded view of the central region boxed in A. Side-chains that mediate
important packing interactions are shown as spheres, colored as in A and
labeled, as are buried water molecules (orange).

(C) Thermofluor melting curves of wild-type (filled circles), L252A (open
circles), M209A (filled diamonds), and V223A (filled squares). The high
fluorescence signal for L252A at 25 °C indicates that the hydrophobic residues
of this mutant are already exposed. Error bars represent the standard
deviations from 4 replicates performed in parallel.

(D) Structure-to-sequence alignment. The graph shows a multiple sequence
alignment of 54 different human TRIM coiled-coil/L2 sequences (see Fig. 7)
displayed in logo format. The sequence alignment is overlaid with percentage
buried surface area plots calculated using the entire TRIM251g9-379 structure
(light gray bars) or the H1/H1" helices only (dark gray bars). Heptad/hendecad
residue assignments are color coded as in A. The TRIM25 sequence is shown
at the top and the aligned TRIM5a sequence at the bottom, with the first and
last residue numbers indicated.
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symmetry equivalent Leu252’ in the apposing helix (Fig. 5B). This segment is
further stabilized by salt bridges between the Lys249 and Asp253 side-chains
and is flanked on either end by a buried hydrogen bond network (indicated by
square brackets in Fig. 5B) involving the Tyr245 side-chain hydroxyl, a buried
water molecule (orange sphere), Ser255 (H1'), Glu256 (H1'), Ser259 (H1’),
Thr341 (H3'), and GIn356 (H3, not shown for clarity). This region therefore

appears to be particularly important for dimer stability.

Coiled-coils represent a special case of protein folding in which formation
of the hydrophobic core is coupled to oligomerization (dimerization in this case).
We therefore used differential scanning fluorescence thermal melting assays to
examine the coupled folding/dimerization transition. In this assay, the signal
comes from a dye that fluoresces on binding hydrophobic side-chains that
become exposed as the protein unfolds with in-creasing temperature (22). As
shown in Fig. 5C (filled circles), wild-type TRIM254s9-397 displayed a typical
coiled-coil differential scanning fluorescence profile with a single transition and
an apparent melting temperature (Tm) of 53 °C. Consistent with the structure, the
L252A mutant was difficult to purify and did not display a sigmoidal melting curve,
indicating it was already unfolded (or misfolded), even at 25 °C (Fig. 5C, open
circles). The Y245A mutant was also apparently misfolded and could not even be
purified. In contrast, two control proteins with alanine substitutions for completely
buried residues elsewhere in H1 (M209A and V223A) were properly folded, albeit

with reduced stability (Fig. 5C, gray symbols). These results confirm that the
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center of the coiled-coil helix is critical for proper folding of the TRIM25 dimer,

perhaps making up the “trigger site” that directs coiled-coil formation (23-25).

This central region of TRIM25 is also where the terminal H3 helices pack
to form the 4-helix bundle and contribute hydrophobic residues to the compact
core. Unlike H1 mutants, however, alanine substitutions in buried hydrophobic
H3 residues (T341A, L344A, and L348A) did not prevent TRIM251g9-379
coiled-coil formation (Fig. 6A). These results are consistent with the observation
that TRIMS protein dimerization requires only the coiled-coil domain and that
both upstream (RING and B-boxes) and downstream (L2 equivalents and
beyond) elements are dispensable (8, 19, 26, 27). Thus, even though the coiled-
coil and L2 regions appear to form an integrated “domain” in our structure, the L2
segment is apparently not critical for dimerization and may be dynamic.
Consistent with this idea, the average temperature factor for the short arm was
15% higher than the long arm in the native structure. In the selenomethionine
crystal, one of the L2 arms had extremely poor density, likely because it had

dissociated from the coiled-coil (Fig. 6B).

The H1 Coiled-Coil Heptad/Hendecad Pattern Is Conserved in the
TRIM Family. The TRIM25 coiled-coil sequence diverges significantly from other
human TRIM proteins (e.g., TRIM25 and TRIMSa share only ~10% sequence
identity in this region). Nevertheless, our analysis of the human TRIM family
using the secondary structure prediction program JPRED (28) indicated that the
putative coiled-coil regions of most TRIM proteins are embedded within

a contiguous helix of about 110 amino acids, consistent with the TRIM25
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Fig. 6. Analysis of L2 packing against the coiled-coil.

(A) Differential scanning fluorimetry melting profiles of H3 mutants: T341A
(blue), L344A (green), and L348A (red). The wild-type curve is in black.

(B) Electron density (magenta mesh, 1.20) for the selenomethionine-labeled
crystal after multiple rounds of model building and refinement. Note the poor
density for one of the H3 helices (Upper, labeled in cyan).
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structure. To align these regions, we performed a structure-to-sequence
comparison by first generating a multiple sequence alignment (MSA) of the
coiled-coil regions of 54 different human TRIM family members (Fig. 7). The
alignment revealed a pattern of conserved hydrophobic amino acids, with leucine
being the most highly represented residue. We next calculated and plotted the
percentage buried surface area (BSA) for each residue in the H1/H1' portion of
the TRIM25 structure (i.e., not including the L2 arms) and aligned this plot with
the MSA. As shown in Fig. 5D, there is excellent correspondence between the
pattern of conserved hydrophobic positions in the MSA plot and the a, d, and h
positions that mediate formation of the H1/H1' dimer (dark gray bars; see also
Fig. 7). These results indicate that the unusual pattern of heptad and hendecad
repeats is conserved across the TRIM protein family and that the structures of

other dimeric TRIM coiled-coils likely resemble the TRIM25 structure.

We also calculated a BSA plot for the entire structure (Fig. 5D, light gray
bars). Comparison of the two BSA plots revealed that packing of the long and
short arms of the TRIM25 subunits is mediated by H1 residues in the ¢, g, and k
positions. Importantly, these residues are also conserved in the MSA, particularly
at the center of the dimer (e.g., Glu244, Met248, Leu251). These results indicate
that the hairpin configuration of the subunits and the central 4-helix bundle are

also likely to be conserved.

TRIM5a and TRIM25 Have Similar Dimer Architectures. The 17-nm
length of the TRIM25189-379 dimer corresponds almost exactly to the length of

each edge of the assembled TRIM5a hexagon (18), suggesting that the TRIM25



69

Fig. 7. Multiple sequence alignment of the coiled-coil domains from 54
human TRIM family members, corresponding to the H1 and H2 helices in
the TRIM25 structure.

The corresponding TRIM25 sequence, secondary structure, H1
heptad/hendecad assignments, and residue numbers are shown at the top for
reference. Residues shaded in black indicate side-chains in the TRIM25
structure that bury 60% or more of their available surface area within
the H1-H1" dimer interface (corresponding to dark gray bars in Fig. 5D).
Residues shaded in gray are at least 60% buried within the entire
TRIM251g9-379 structure (light gray bars in Fig. 5D) and also mediate packing
of L2 against H1. The a, d, and h positions are shaded as in Fig. 3 and
Fig. 5. The last zinc-coordinating His/Cys pairs of the B-box 2 domains are
shaded in green for reference. Colored dots indicate cysteine substitution sites
in Fig. 8. TRIM family branch groupings (16) are indicated by square brackets
on the left.
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structure can also inform our understanding of the TRIM5a hexagonal lattice.
Intermolecular disulfide bond formation was used to probe and compare
the structures of the TRIM25 and TRIM5a dimers in solution. The TRIM254g9-379
crystal structure was analyzed using a disulfide prediction program (29) to
identify three pairs of residues that are in close proximity in the dimer and are
predicted to form intermolecular disulfides when mutated into cysteines (Fig. 8A).
Two of the designed disulfides, A216C/K285C and A234C/E267C, probe for
packing and phase of the H1/H1' helices (i.e., antiparallel coiled-coil formation),
and the third, S195C/L308C, probes for packing of H1 in one subunit against H2
in the other subunit (i.e., the fold-back configuration). These disulfide bonds

collectively sample the entire length of the dimer (Fig. 8A).

As shown in Fig. 8B, all three double-cysteine mutant TRIM251g9 379
proteins behaved as designed. Each formed intermolecular disulfide crosslinks
very efficiently under nonreducing conditions and migrated exclusively as
crosslinked dimers on a denaturing polyacrylamide gel (lanes 7, 9, and 11). In
contrast, three negative controls that contained scrambled pairs of cysteines
migrated almost exclusively as monomers under the same conditions (Fig. 8B,
even-numbered lanes). Thus, disulfide crosslinking can be used as a sensitive

probe of the dimeric conformation of TRIM25.

Analogous disulfide crosslinking experiments were performed on rhesus
TRIMSa133-300 to test whether the TRIM5a protein also adopts a similar dimeric
structure. Equilibrium sedimentation distributions of the wild-type TRIM5a133-300

fit well to a single-species dimer model, confirming that this region was sufficient
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Fig. 8. Disulfide crosslinking of TRIM25 and TRIM5a dimers.

(A) H1 and H2 regions of the TRIM251g9-379 structure showing positions of
residue pairs chosen for cysteine mutagenesis. Equivalent TRIM25 and
TRIM5a residues are labeled in black and gray, respectively.

(B) Electrophoretic profiles of purified TRIM251s9-379 double-cysteine mutants
that were dialyzed under nonreducing conditions, then denatured in
SDS-PAGE buffer under reducing (Left) or nonreducing (Right) conditions.
Molecular weight marker positions are labeled on the left. Positions of
monomers and crosslinked dimers are labeled on the right. Note that the
symmetric dimer is expected to produce two types of intermolecular
disulfide-crosslinked species: one in which both cysteine pairs are oxidized
(lower bands) and another in which one of the pairs is reduced (upper bands).
Data are representative of 3 independent experiments.

(C) Profiles of rhesus TRIM5a133-300 Cysteine mutants that were dialyzed under
mildly reducing conditions and then prepared for SDS-PAGE, as described for
TRIM25189-379. Data are representative of 3 independent experiments.
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for dimerization (Fig. 1D; Fig. 2 D-F). Three pairs of TRIM5a133-300 cysteine
mutants were then created in positions that were equivalent to the three
crosslinking pairs of TRIM251s9-379 (Fig. 8A). As shown in Fig. 8C, these
TRIM5a133-300 Cys pairs also formed intermolecular disulfides efficiently (lanes 7,
9, and 11), although the A137C/L249C disulfide crosslink formed somewhat less
efficiently than did the A158C/T227C and 1176C/E209C crosslinks, suggesting
that H2 may not reside in precisely the same position in TRIM25 and TRIM5a.
The crosslinks were judged to be stable because the proteins migrated almost
exclusively as dimers, even after extended incubation under mildly reducing
conditions (2 mM B-mercaptoethanol), consistent with the favorable disulfide
geometries predicted by the homology model. We therefore conclude that

TRIM5a and TRIM25 form dimers of similar structure.

DISCUSSION

Mechanistic Implications for TRIM25-Mediated Polyubiquitylation of
RIG-I. TRIM25 is an established effector of the RIG-I signaling pathway, which
mediates the intracellular innate immune response to RNA viruses. TRIM25
recognizes and catalyzes Lys63-linked polyubiquitylation of the RIG-I/viral RNA
recognition complex, thereby activating downstream effectors in the pathway and
establishing an antiviral state (3). RIG-I/viral RNA complexes are recognized by
the C-terminal B30.2 domain of TRIM25 (3, 30), and ubiquitin transfer is
facilitated by the N-terminal RING domain, in cooperation with a ubiquitin E2

ligase. Our structure indicates that in the full-length TRIM25 dimer, the two
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catalytic RING domains will be separated by at least 17 nm at either end of the
elongated dimer (Fig. 9). In this geometry, the two RING domains within one
TRIM25 dimer probably could not cooperate during catalysis, at least not in the
same manner as well-characterized cooperative homodimeric RING domains
such as RNF4 (31) or BIRC7 (32). As illustrated in Fig. 9, the fold-back
configuration of the TRIM25 subunits explains how the RING domains can
approach the B30.2 domains to enable RIG-I ubiquitylation. It is likely, however,
that there is a more precise positioning mechanism than we can currently
describe, as TRIM25 has been shown to modify RIG-I at a specific lysine residue
(3, 30). We speculate that dynamics of the L2 arm (including possibly the L2
region that is missing from our structure) and other factors (33, 34) may make
important contributions in this regard. In addition, RNA-bound RIG-I has been
shown to dimerize (35). It will therefore be interesting to learn whether both
subunits of the TRIM25 dimer can engage both subunits of the RIG-I dimer

simultaneously.

Implications for Dimerization of the Tripartite Motif. Our analysis
indicates that TRIM25 is likely to be an obligate dimer. Furthermore, the
distinctive 7-7-7-7-11-11-11-11-7-7-7-7 pattern of heptad and hendecad repeats
in the TRIM25 coiled-coil appears to be conserved, and we speculate that it may
be a “signature” of the TRIM family. Studies of dimeric coiled-coils have shown
that short sequence elements or “trigger sites” of 7—14 amino acids are critically

important for proper folding because they are the first segments to become
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Fig. 9. Model for coiled-coil mediated coupling of the TRIM25 RING and
B30.2 domains to facilitate RIG-l polyubiquitylation.

The tandem B-boxes are likely to form an integrated unit by analogy to the
structure of homologous domains from MID1/TRIM18 (17). We assume that
the B-box 2 domain is closely associated with the coiled-coil on the basis of
their sequence connectivity. The connecting linker (L1) between the RING
domain and the B-box domain is shown as dashes because its configuration is
unknown. For the same reason, the C-terminal portion of L2 (about 60
residues) that connects the last ordered residue in our structure and the first
ordered residue in the recently published structure of the B30.2 domain (blue)
(18) is also shown as dashes. The B30.2 domain of TRIM25 binds to the first
CARD of RIG-I, and the RING domain ubiquitylates Lys172 in the second
CARD (19, 20). CARD, caspase activation and recruitment domain; CTD,
C-terminal domain; B1, B-box 1; B2, B-box 2; E2, E2 ubiquitin ligase; Ub,
ubiquitin; vVRNA, viral RNA.
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helical, and therefore nucleate dimerization (23-25). Once the initial dimer
contact is established, the peripheral residues then “zip up” to form the fully
folded coiled-coil. This general model implies that associating helices, whether
homodimeric or heterodimeric, must have compatible trigger sites. Our structural
and mutational analyses indicate that the center of the H1 helix is likely to be the
TRIM25 coiled-coil trigger site. This element includes Tyr245 and Leu252
(hendecads 6 and 7) and is flanked by polar residues that form a buried
hydrogen bond network (Fig. 5B). It is likely that these buried polar interactions
help to define pairing specificity and helix packing registry in TRIM proteins, as
has been seen in SNARE coiled-coil complexes (36). Our sequence analysis
indicates that almost every human TRIM protein has a unique central sequence,
although there is conservation within the same branches of the TRIM family tree
(Fig. 7). This likely explains why TRIM proteins apparently do not form
heterodimers promiscuously and why reports of TRIM heterodimerization

generally involve closely related TRIM proteins (7, 9, 12, 13).

Implications for Dimerization and High-Order Assembly of TRIM5a.
Our structural and biochemical data establish that the coiled-coil and L2 regions
of TRIM25 and TRIMSa form similar structures. We have therefore used the
TRIM25 structure to interpret the protein density seen in the 2D cryoEM
reconstruction of the assembled TRIMS5a hexagonal lattice (18) (Fig. 10). This
analysis indicates that each edge of the TRIM5a hexagon corresponds to
a single coiled-coil dimer (each 17 nm in length). This interpretation, in turn,

implies that the threefold symmetric densities observed at each vertex
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Fig. 10. Models of quaternary TRIM5a interactions.

(A) Schematic model of the TRIMSa hexagonal lattice, showing the deduced
positions of the different domains and overlaid with the cryoEM projection map
(gray contours) (18). Domains are colored as in Fig. 1B.

(B) Schematic model of the full-length TRIM5a dimer. The C-terminal B30.2
domains (blue) are shown packed against one side of the coiled-coil domain via
a putative extended H3 helix (colored in gray to blue gradient and outlined in
black) that spans both L2 and B30.2 sequences and forms a 4-helix bundle with
the coiled-coil, as seen in the TRIM25 structure.
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correspond to the N-terminal RING and B-box 2 domains and that the twofold
symmetric densities at the midpoint of each hexagon edge correspond to the
B30.2/SPRY domains (18) (Fig. 10A). These assignments are consistent with
the known requirement for the B-box 2 domain in high-order TRIM5a assembly
(18, 37, 38) and could also explain how assembly can activate the RING
domains by bringing them into close proximity, consistent with the observation
that capsid binding enhances E3 ligase activity (17). We envision two possible
subunit configurations for the hexagonal lattice, which differ in domain
connectivity at the local threefold vertex (Fig. 11). In one configuration, the intact
dimers would interact at the vertex through the RING, B-box 2, and/or ends of the
coiled-coil. In the alternative configuration, the associated coiled-coil dimers
would “swap” arms in a fashion reminiscent of clathrin triskelion assembly (39).
We cannot yet unambiguously discriminate between these different possible
assembly modes but note that domain swapping would provide a mechanism for
autoinhibition, and thereby prevent unregulated assembly, and would be
consistent with recent studies indicating that the L2 linker plays an important role

in high-order TRIM5a assembly (40, 41).

Our domain assignments, together with the density distribution in the EM
map of the TRIMSa lattice, further suggest that the B30.2 domain may interact
with the coiled-coil. The sequences of TRIMSa and TRIM25 diverge considerably
beyond the short-arm H2 helix, but secondary structure algorithms predict an
a-helix at the TRIMSa L2/B30.2 boundary (residues 283-300) that is equivalent

in position to TRIM25 H3 (asterisks in Fig. 1B and Fig. 12). Interestingly,
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Fig. 11. Two possible configurations of domain connectivity at the
threefold symmetry axes of the TRIM5a hexagonal lattice.

The RING and B-box domains are not shown.

(A) Three dimers with loops (magenta) connecting the coiled-coil helices
(green) and L2 (gray) in the “fold-back” configuration, as observed in the
TRIM25 crystal structure.

(B) Three dimers in which the adjacent subunits have “swapped” their short
arms. Note that this will also result in a domain swapping of downstream L2
and B30.2 elements.






84

Fig. 12. Secondary structure predictions for rhesus TRIM5a133-300
performed with the program JPRED (21) (H, helix; E, strand).

Residues that fold into an a-helix in X-ray structures of the isolated B30.2
domain are colored in blue and boxed. The “domain” boundaries are indicated
at the bottom, following the color scheme of Fig. 1B. Black rectangles depict
the deduced helix H1 and H2 positions and the predicted H3 helix.
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residues 291-300 of rhesus TRIM5a (Fig. 12) do indeed form a helix in two
independent crystal structures of the isolated B30.2 domain (42, 43), although
the immediately preceding residues (287-290) adopt a nonhelical loop
configuration with high temperature factors in one of the structures (43). These
observations lead us to speculate that the N-terminal helix of the TRIMS5a B30.2
domain (or the longer, predicted helix) may pack against the center of the
upstream coiled-coil to form a 4-helix bundle, as seen in the TRIM25 structure.
In support of this idea, alanine substitutions of surface-exposed residues on the
TRIM5a B30.2 helix (Arg297, Arg298, and Tyr299) impair both restriction activity
and capsid binding. These residues are far removed from the capsid-binding
surface (44) but could mediate interaction of the TRIM5a B30.2 domain against
its coiled-coil. Such interactions would not only position the B30.2 domains on
the same side of the dimer but also possibly define their spacing and orientation,
as has been postulated to be a “minimum design feature” of retroviral capsid
restriction factors (45). Consistent with this general idea, residues within the
TRIMSa coiled-coil domain are under positive selection (46, 47), implying they
can influence capsid recognition, and the coiled-coil itself may be a determinant

of binding specificity (47).

In summary, we propose that the tripartite motif coiled-coil has
a conserved structure and a conserved scaffolding function that organizes the
biochemical activities of TRIM proteins, thereby facilitating selective substrate
polyubiquitylation by TRIM25 and capsid pattern recognition by TRIM5a. Thus,

the TRIM domains are organized spatially, consistent with the idea that they have
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coevolved and behave as an integrated module, rather than as a collection of

independent functional elements (14, 20, 48).

METHODS

Construct Design and Protein Expression. Human tripartite motif 25
(TRIM25) was subcloned from a plasmid kindly provided by Dong-Er Zhang
(University of California, San Diego, La Jolla, CA) (Addgene plasmid 12449) (1).
Rhesus TRIMSa (Gl: 44890114) was subcloned from a pLPCX/TRIMSa-HA
plasmid kindly provided by Joseph Sodroski (Harvard University, Cambridge,
MA) (2). TRIM25189-379 and TRIMSa133-300 Were ex-pressed from pET24a-derived
vectors (3) with Hiss-tagged SUMO leader sequences (Table S2). Asp85 in the
SUMO coding region of the TRIMSa vectors was mutated to serine to destroy
a Shine-Dalgarno-like sequence that caused a nearby lle to be used as an
alternative start site for translation. Residue pairs for cysteine mutagenesis were
selected with the program Disulfide-by-Design (4). The cysteine mutants were
generated by PCR-based mutagenesis (Table S2). Proteins were expressed in
Escherichia coli BL21(DE3) (TRIM25) or Rosetta(DE3) pLysS (TRIM5a), using
the autoinduction method as described (5), except that the cultures were grown

at 37 °C until saturation and then at 18—-19 °C for 16 h.

Purification of TRIM251s9_379. Cells expressing TRIM251g9_379 from 1 L of
culture were resuspended in 30 mL lysis buffer [50 mM Tris at pH 9.0, 0.3 M
NaCl, 20 mM [B-mercaptoethanol (BME)] supplemented with 2 mM

phenylmethylsulfonylfluoride. Cells were Ilysed using a microfluidizer
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(Microfluidics model M110P) at 20,000 psi chamber pressure. Cell debris was
removed by centrifugation (45,000 x g for 45 min at 4 °C). Filtered super-natant
was incubated in a gravity flow chromatography column with 10 mL Ni-NTA resin
(Qiagen) for 1 h on a rocker at 4 °C. The resin was washed with 150 mL lysis
buffer, followed by 500 mL wash buffer (25 mM Tris at pH 8.0, 0.1 M NaCl,
10 mM BME, 20 mM imidazole). Bound protein was eluted in wash buffer
containing 400 mM imidazole. Ulp1 protease was added to the pooled fractions
(~1:100 mass ratio), and the sample was dialyzed overnight at 4 °C against
cleavage buffer (25 mM Hepes at pH 7.0, 20 mM NaCl, 10 mM BME).
The sample was applied to a 5-mL HiTrap SP FF column (GE Healthcare) and
eluted with a linear salt gradient (0.02-1 M NaCl) in cleavage buffer. Pooled
fractions were concentrated to ~3 mL and purified to homogeneity on a HiLoad
16/600 Superdex 75 gel filtration column (GE Healthcare) in crystallization buffer
(10 mM Tris at pH 8.0, 0.1 M NacCl). Selenomethionine-labeled protein was
purified in the same manner except that the final buffer contained 10 mM BME.
The pure proteins were concentrated to ~18 mg/mL, flash-frozen in liquid
nitrogen, and stored at —80 °C. The mass of freshly purified wild-type protein was
determined by electrospray ionization mass spectrometry to be 21,832 Da
(expected mass from sequence, 21,835 Da). Typical yields for the wild-type
protein were ~6 mg/L culture. Flash-freezing or long-term incubation in solution
induced a minor fraction of the protein to form an SDS-resistant 40-kDa (dimer)
species (e.g., see Fig. 4B, lanes 1-12). Cysteine mutants were purified in the

same manner as wild-type, except that 20 mM BME was added to all buffers. All
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cysteine mutants displayed the same elution behavior as wild-type during

size-exclusion chromatography.

Purification of TRIM5a133-300. Cells expressing TRIM5a133-300 from 1 L of
culture were collected and resuspended in 100 mL lysis buffer (100 mM Hepes at
pH 8, 1 M LiCl, 300 mM NaCl, 30 mM imidazole) supplemented with 0.5% Triton
X-100, 5% glycerol, 1 tablet cOmplete EDTA-free protease inhibitors (Roche),
and 10 pg/mL DNase | (Roche). Cells were lysed by freeze-thaw and sonication
(Qsonica; 2 min at 80% amplitude on ice). The lysate was clarified by
centrifugation (37,000 x g for 45 min at 4 °C), and the 0.45-uym-filtered
supernatant was incubated with 4 mL cOmplete His-tag purification resin (Roche)
for 1 h with rocking. The resin was washed with 200 mL lysis buffer and 200 mL
protease cleavage buffer (50 mM Tris at pH 8, 500 mM NaCl, 5% glycerol),
eluted in 50 mL elution buffer (50 mM Tris at pH 8, 500 mM NaCl, 5% glycerol,
1.125 M imidazole), and dialyzed for 12 h against two changes of 2 L each of
protease cleavage buffer supplemented with 0.5 mM EDTA. The sample was
diluted fivefold in 50 mM Tris at pH 8, 0.5 mM EDTA, 1 mM TCEP, and the
Hise-SUMO tag was removed by incubating with 3 mg Ulp1 protease for 6 h at
23 °C. The sample was loaded onto two 5§ mL HiTrap Q HP columns
(GE Healthcare) connected in series and eluted with a 100-mL linear NaCl
gradient (0.05—-1 M). The protein eluted in two distinct peaks, which we speculate
correspond to dimers and monomers, as previously observed for longer TRIM5
constructs (6). Both peaks were pooled, concentrated, loaded on a HilLoad

16/600 Superdex 75 gel filtration column (GE Healthcare), and eluted in
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size-exclusion buffer (50 mM Tris at pH 8, 150 mM NaCl, 1 mM TCEP). Fractions
from the major peak (corresponding to the protein dimer) were pooled and
concentrated to 1 mg/mL. The average mass of the purified protein was
determined by electrospray ionization mass spectrometry to be 20,236 Da
(expected mass from sequence, 20,238 Da). Typical yields for the wild-type
protein were ~15 mg/L culture. Cysteine mutants were purified in the same way
as wild-type except that 1 mM TCEP was added to all buffers. All mutants
displayed the same elution behavior as wild-type during size-exclusion

chromatography.

Analytical Ultracentrifugation. Equilibrium sedimentation experiments
were performed at 4 °C, using a Beckman Optima XL-I centrifuge, at rotor
speeds of 12,000, 17,000, and 23,000 rpm. For each speed, three protein
concentrations were tested (16.8, 42, and 84 uM for TRIM251g9-379 and 4.4, 11.1,
and 22.3 yM for TRIMSa133- 300), and each centrifugation run was performed for
24 h to reach equilibrium. TRIM25 samples were in 10 mM Hepes at pH 7.4, 40
mM NaCl, 0.5 mM TCEP. TRIM5a samples were in 50 mM Tris at pH 8, 150 mM
NaCl, 1 mM TCEP. Nonlinear least-squares data fitting was performed using the
Heteroanalysis software (7). Solvent density and protein partial-specific volumes
were calculated with the program SEDNTERP (8). The same analyses were also
performed with a TRIM25 construct that contained two additional tryptophan
residues to access lower loading concentrations (6.5, 16.2, and 32.3 yM), and

the results were the same.
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Crystallization and Data Collection. Crystals of native TRIM251g9-379
were obtained at 17 °C in sitting drops that were set up as a 1:1:1 mix of protein
solution, water, and precipitant (6—12% PEG 4,000 at pH 5.3-6.6, 10 mM sodium
acetate). Selenomethionine-labeled crystals were obtained in the same manner
except that the precipitant solution was 16% PEG 3,350, 80 mM Bis-Tris propane
at pH 8.8, and 20 mM citric acid. Crystals were cryoprotected in mother liquor
containing 25% PEG 400. The protein crystallized in at least 4 distinct space
groups within the same drop, and the diffraction quality was highly variable, with
most crystals diffracting poorly. After extensive screening, a native data set
extending to 2.6 A resolution (I/o = 2 criterion) and anomalous Se data extending
to 3.2 A were collected at Advanced Photon Source beamline 22-ID. Diffraction

data were processed using HKL2000 (9). Data statistics are reported in Table 1.

Structure Determination. TRIM251s9-379 structure determination, model
building, and initial refinement were performed with the AutoSol, AutoMR, and
AutoBuild Wizards of the PHENIX suite (version 1.8.2-1309) (10). The Se and
native data both indexed as P212421, but with different unit cell dimensions
(Table 1). Each had one dimer in the asymmetric unit, which packed in different
ways. The initial structure was determined by single-wavelength anomalous
dispersion from the Se derivative. The coiled-coil region of this structure was
partially built and refined mostly as a polyalanine model (Fig. 3A). Further
refinement of this crystal form was not continued because one of the L2 arms
had extremely poor density, likely because it had dissociated from the coiled-coil

(Fig. 6B). The partially built structure was used as a molecular replacement
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search model to phase the native data (Fig. 3B). Automated model
building/rebuilding and refinement against the 2.6 A native data resulted in
a model that was about 80% complete. The rest of the model was built manually
using the program Coot (11). To take advantage of the twofold improvement in
data-to-parameter ratio afforded by noncrystallographic symmetry while taking
into account the flexibility of the subunits, residues were binned into 16
noncrystallographic symmetry segments and equivalent sections were
re-strained to match each other [approach adapted from ref. 12; see Protein Data
Bank (PDB) file header for details on the binned segments]. Multiple rounds of
refinement (phenix.re-fine; version 1.8.2-dev-1427) and manual model building
resulted in good geometry and R/Rfee 0Of 0.20/0.26 (Table 1). The final model
consists of amino acid residues 190-360 for both chains in the dimer. Density
was lacking for residues 189 and 361-379, which were not included in the final
model. Model validation with Molprobity (13) was performed throughout the
structure refinement process. Coordinates and structure factors have been

deposited in the PDB under ac-cession code 4LTB.

Sequence and Structure Analysis. Sequences aligned in Fig. 5D and 7
started from the last zinc-coordinating pair of the B-box 2 domain (typically
His-X-X-His) and spanned the subsequent 130 residues. Sixty-seven members
of the human TRIM family (Table 1 in ref. 20), excluding TRIM25, were initially
used to generate a multiple sequence alignment with the ClustalW2 program.
Duplicates and sequences with gaps of 3 or more residues within H1

were removed, resulting in a final alignment of 54 sequences. To facilitate
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structure-to-sequence comparisons, a consensus sequence plot was generated
using the Weblogo program (49), total buried surface areas for each residue in
the TRIM25 structure were calculated using the PISA Web server (50), and the

Weblogo and buried surface area plots were aligned manually.

Differential Scanning Fluorimetry. Thermofluor melting assays (22)
were performed with a Bio-Rad CFX96 thermal cycler. Proteins in crystallization
buffer were mixed with a 1:400 dilution of “10,000%x” SYBR Safe dye (Invitrogen).
Final protein concentrations were 2 mg/mL, except for the L252A and L348A
mutants, which were 1 mg/mL and 2.6 mg/mL, respectively. Samples were held
at 20 °C for 5 min, and the temperature was then raised to 100 °C in 1 °C
increments every 15 s, taking fluorescence readings at each increment. Each
sample was set up in 4 replicates, and melting curves for each protein were
determined at least twice, with independent protein preparations. Tm was
determined from the maximum of the first derivative of the melting curve. The
maximal variation in wild-type TRIM251g9-379 Tm was <1 °C in seven independent

determinations.

Crosslinking Analysis. Double-cysteine mutant proteins were reduced
by dilution to 30 uM in reducing buffer [50 mM Tris at pH 8.0, 150 mM NaCl, 20
mM B-mercaptoethanol (BME)] and then dialyzed overnight at 4 °C into the same
buffer containing 0 mM (TRIM25) or 2 mM (TRIMSa) BME to allow formation of
stable disulfide crosslinks. Aliquots were then mixed with the same volume of

2x SDS-PAGE sample buffer containing either 1 M BME (reducing) or no
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additional BME (nonreducing), incubated for 5 min at 99 °C in a dry bath and

immediately analyzed by SDS-PAGE with Coomassie blue staining.
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ABSTRACT

Antiviral response pathways induce interferon by higher-order assembly of
signaling complexes called signalosomes. Assembly of the RIG-I signalosome is
regulated by K63-linked polyubiquitin chains, which are synthesized by the E3
ubiquitin ligase, TRIM25. We have previously shown that the TRIM25 coiled-coil
domain is a stable, antiparallel dimer that positions two catalytic RING domains
on opposite ends of an elongated rod. We now show that the RING domain is
a separate self-association motif that engages ubiquitin-conjugated E2 enzymes
as a dimer. RING dimerization is required for catalysis, TRIM25-mediated RIG-I
ubiquitination, interferon induction, and antiviral activity. We also provide
evidence that RING dimerization and E3 ligase activity are promoted by binding
of the TRIM25 SPRY domain to the RIG-| effector domain. These results indicate
that TRIM25 actively participates in higher-order assembly of the RIG-I
signalosome and helps to fine-tune the efficiency of the RIG-I-mediated antiviral

response.
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INTRODUCTION

Higher-order assembly of large protein complexes is a recognized signal
amplification mechanism that operates in many cellular signaling pathways
(Wu, 2013). In the innate immune system, filamentous assemblies of the
mitochondrial protein, MAVS (also known as CARDIF, VISA, or IPS-1), comprise
one such type of signalosome (reviewed by Cai and Chen, 2014). MAVS
filaments amplify signals from RIG-I-like pattern recognition receptors bound to
viral RNA and recruit downstream effectors that ultimately generate a type |
interferon (IFN) response. IFN-a/b gene expression induced by the RIG-I/MAVS
signaling axis suppresses the replication of a variety of clinically important viral
pathogens, including influenza A virus (IAV), hepatitis C virus, and dengue virus

(reviewed by Goubau et al., 2013 and Loo and Gale, 2011).

Recent studies have shown that RIG-I-induced MAVS filament formation
requires a remarkably simple biochemical trigger: interaction of the
amino-terminal CARD (caspase activation and recruitment domain) of MAVS
with a tetrameric assembly of the amino-terminal tandem CARDs (2CARD) of
RNA-bound RIG-I (Jiang et al., 2012; Peisley et al., 2014; Wu et al., 2014).
The RIG-I1 2CARD tetramer is a helix with a single CARD as repeat unit, and so
the 2CARD architecture restricts it to a “lock washer” configuration with only two
helical turns (Peisley et al., 2014). The 2CARD “lock washer” acts as a template
or seed for the single CARD of MAVS, which assembles along the helical
trajectory to form long filaments containing several hundreds of MAVS CARD

molecules (Peisley et al., 2014; Wu et al., 2014; Xu et al., 2014). MAVS filaments
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behave like prion fibers and thus are thought to commit the RIG-I pathway to an
all-or-none or digital response to viral infection (Cai et al., 2014; Cai and Chen,
2014; Hou et al, 2011). Uncontrolled MAVS assembly will have harmful
consequences to the cell, and so a number of mechanisms have evolved to
regulate where, when, and how the RIG-I 2CARD seeds MAVS CARD assembly

(reviewed by Chiang et al., 2014).

Ubiquitin (Ub) is a well-characterized regulator of the RIG-I 2CARD/MAVS
CARD seeding mechanism (Gack et al., 2007, 2008; Jiang et al., 2012; Peisley
et al,, 2013, 2014; Zeng et al., 2010). Activated 2CARD is modified with
K63-linked polyubiquitin chains (K63-polyUb) (Gack et al., 2007), and
unanchored K63-polyUb chains were also shown to associate with RIG-I in
biochemical reconstitution studies (Jiang et al., 2012; Zeng et al., 2010).
Structural and biochemical studies have revealed that these K63-polyUb chains
can wrap around four RIG-I 2CARD molecules to induce and stabilize the “lock
washer” configuration (Jiang et al., 2012; Peisley et al., 2014). Both types of
K63-polyUb chains are synthesized by the E3 ubiquitin ligase, TRIM25, which is
an essential component of the RIG-I pathway (Gack et al., 2007; Zeng et al.,

2010).

TRIM25 belongs to the tripartite motif (TRIM) protein family, which is
characterized by a conserved domain organization at the N terminus (known as
the TRIM or RBCC motif) composed of a catalytic RING domain, one or two
B-box domains, and a coiled-coil dimerization domain (Meroni and Diez-Roux,

2005; Fig. 1A). In addition, TRIM25 has a C-terminal SPRY domain that binds to
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Fig. 1. Primary Structure and E3 Ligase Activity of TRIM25.

(A) Schematic of TRIM25 domain organization. Approximate amino acid
boundaries of the different domains are indicated. B1, B-box 1; B2, B-box 2.

(B) Schematic of the elongated, antiparallel TRIM25 dimer, which places the
catalytic RING domains around 170 A apart. In this context, the RING domains
are effectively monomeric.

(C) The isolated TRIM25 RING domain is active with Ubc5 isoforms and
Ubc13/Uev1A. Purified RING (5 uM), E1 (50 nM), indicated E2s (1 uM),
Ub (20 uM), and Mg-ATP (3 mM) were incubated at 37°C for 30 min.
Ubiquitination products were observed by immunoblotting (IB) with anti-Ub
antibody. Fig. 2 shows the full screen of 26 different E2-conjugating enzymes,
as well as a control experiment to confirm that chains made with Ubc13/Uev1A
were not simply due to the known E3-independent activity of this heterodimeric
E2.

(D) IB analysis, using K63-linkage specific anti-Ub, of the same samples in (C).

(E) The same reactions in (C) were performed but with K63-only Ub (wherein all
Ub lysines except K63 are mutated to arginine). Only K63-linked polyUb chains
are made in these reactions. IB was performed with anti-Ub. (F) Full-length
TRIM25 is active with UbcS and Ubc13/Uev1A. Reactions contained partially
purified FLAG-tagged TRIM25 (200 nM) and either Ubc13/Uev1A (280 nM;
lanes 1-6), Ubc13 alone (1 uM; lanes 7-8), or UbcSb alone (1 uM; lanes 9—-10).
IB was performed with anti-Ub (left) or anti-FLAG (right). TRIM25 made only
unanchored K63-linked polyUb with Ubc13/UeviA but anchored
(autoubiquitinated) Ub with Ubc13 alone or UbcSb alone. However, faint di-Ub
and tri-Ub bands can be discerned in the Ubc5 reactions at longer exposures of
the anti-Ub blot.
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the RIG-I 2CARD (D’Cruz et al., 2013; Gack et al., 2007, 2008). TRIM proteins,
like the well-characterized cullin ligases, are modular E3 enzymes. Similar to the
cullin scaffold, the TRIM coiled-coil domain defines the spatial disposition of the
catalytic and substrate-binding/recruitment domains. The coiled-coil domain of
TRIM25 makes an elongated, antiparallel dimer of hairpin-shaped subunits,
which positions two RING domains on opposite ends of a 170A-long rod
(Sanchez et al., 2014; Fig. 1B). In the TRIM25 dimer, two C-terminal SPRY
domains emanate from a four-helix bundle in the middle of the coiled coil. The
SPRY domains are located on the same side of the dimer, which presumably
allows them to simultaneously engage two substrate molecules (Goldstone et al.,
2014; Li et al., 2014; Sanchez et al., 2014; Weinert et al., 2015). Cooperation
between the catalytic and substrate-binding domains is likely facilitated by

flexible linkers connecting these domains to the coiled-coil scaffold.

TRIM25 is recruited by RIG-I when RNA recognition by the helicase and
C-terminal domains of RIG-I releases the 2CARD from autoinhibition (Jiang and
Chen, 2011; Kowalinski et al., 2011; Luo et al., 2011), and the exposed 2CARD
binds to the C-terminal SPRY domain of the E3 enzyme (D’Cruz et al., 2013;
Gack et al., 2007, 2008). It is not known whether 2CARD binding is simply
a mechanism to localize an already active ligase (and therefore K63-polyUb) to
sites of seed or signalosome assembly or whether such localization is coupled to
TRIM25 catalytic activation. Here, we use structural, biochemical, and cell
biological approaches to analyze the mechanism of catalytic activation of

TRIM25. We found that the RING domain constitutes a self-association motif that
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dimerizes to engage Ub-conjugated E2 enzymes and synthesize K63-pol-yUb.
Because the two RING domains in the stable, coiled-coil-mediated TRIM25
dimer cannot self-associate and are effectively monomeric, our results imply that
K63-polyUb synthesis is enabled only upon further, higher-order oligomerization
of TRIM25. This is likely to be a quality control mechanism in the RIG-I pathway
that couples TRIM25 catalytic activation to Ub-dependent 2CARD seed formation

and MAVS assembly.

RESULTS

Structure of the TRIM25 RING Domain in Complex with E2-Ub. The
antiparallel architecture of the TRIM25 coiled-coil dimerization domain implies
that the associated RING domains are separated by about 170 A and so are
effectively monomeric in this context (Fig. 1B). Indeed, the TRIM25 RING was
proposed to act as a monomer, similar to the CBL-B RING domain (Li et al.,
2014). Nevertheless, many more RING domains engage E2 enzymes as dimers,
as exemplified by the non-TRIM E3 ligases, RNF4 and BIRC7. Structures of
these proteins, each bound to a covalent E2-Ub conjugate, have been
demonstrated to represent the catalytically primed form of these enzymes (Dou
et al., 2012; Plechanovova et al., 2012). We therefore reasoned that, if the
TRIM25 RING domain catalyzes K63-polyUb synthesis as a dimer, then its
crystal structure with the relevant E2-Ub should reveal an equivalent quaternary

fold—including high-resolution details—as the RNF4 and BIRC7 complexes.
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To facilitate structure determination, we first identified E2-conjugating
enzymes suitable for such analysis from a ubiquitination activity screen of 26 E2
proteins (Fig. 2). Two Ubc5 isoforms (Ubc5b and Ubc5c; also known as Ube2D2
and Ube2D3, respectively) and Ubc13 (also known as Ube2N) have been
previously shown to function in the RIG-I pathway (Liu et al., 2013; Zeng et al.,
2009, 2010). Accordingly, we found that the isolated RING domain of TRIM25
(residues 1-83) efficiently synthesized polyUb with these E2 enzymes (Fig. 1C);
however, K63-polyUb chains were most efficiently made in vitro with Ubc13 and
its partner, Uev1A (also known as Ube2V1; Fig. 1D and 1E). Likewise, full-length
TRIM25 is active with these E2 enzymes (Fig. 1F). Interestingly, full-length
TRIM25 predominantly made anchored Ub chains (autoubiquitination) with
Ubcbb or Ubc13 alone and, conversely, only unanchored chains with

Ubc13/Uev1A.

We were successful in co-crystallizing the TRIM25 RING domain with
Ub-conjugated Ubc13 (Fig. 3; Table 1). To prevent loss of the Ub moiety during
crystallization, we used the previously described strategy of stably conjugating
Ub to the E2 via an isopeptide linkage (Plechanovova et al., 2012) to make
Ubc13C87K-Ub. The structure of the TRIM25 RING/Ubc13°®"K-Ub complex was

determined to 2.4-A resolution (R/Ree = 0.19/0.23).

Although the isolated TRIM25 RING domain is predominantly a monomer
in solution (Fig. 4A), it crystallized as a dimer in complex with Ubc13-Ub. This
indicated that high protein concentrations during crystallization and binding

of Ubc13-Ub promoted dimerization of the RING domain. The TRIM25
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Fig. 2. E2 screen and control reactions.

(A) Full E2 screen with the isolated TRIM25 RING domain. E2 enzymes were
purchased from UBPBio and the screen was performed according to
manufacturer’s instructions. Reaction products were visualized by
immunoblotting (IB) with anti-Ub.

(B) Control reactions showing significantly elevated activity of the heterodimeric
E2, Ubc13/Uev1A, in the presence of the TRIM25 RING domain.
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Fig. 3. Structure of the TRIM25 RING Domain in Complex with
Ub-Conjugated Ubc13.

(A) The TRIM25 RING dimer is at the center of the complex, colored in gray and
rose. Ubc13 molecules are colored in yellow and magenta. Ub molecules are
colored in cyan and green. Zinc atoms are colored in gray. Structure statistics
are in Table 1.

(B) Superposition of the TRIM25/Ubc13-Ub complex with the RNF4/Ubc5a-Ub
complex (Plechanovova et al., 2012) and BIRC7/Ubc5a-Ub complex (Dou et al.,
2012). Proximal and distal RING positions are defined relative to the bound Ub
(cyan). Boxed regions are expanded in (C) (blue) and (D) (red).

(C) Details of the proximal RING interactions showing that the TRIM25 RING
dimer (left) positions the Ub tail against the E2 in the same way as RNF4
(middle; Plechanovova etal., 2012) and BIRC7 (right; Dou etal., 2012).
Landmark residues are shown as sticks and labeled. Asterisks indicate the
covalent E2-Ub linkages (isopeptide in the TRIM25 and RNF4 complexes;
oxyester in the BIRC7 complex). Hydrogen bonds are colored in green.

(D) Details of the distal RING interactions that help hold Ub in the “closed”
position primed for catalysis. Also shown is a hydrogen bond between the
zinc-coordinating His30 side chain in the proximal TRIM25 RING and Ub Glu24
carbonyl (top panel). Both RNF4 (middle; Plechanovova et al., 2012) and BIRC7
(bottom; Dou et al., 2012) make equivalent interactions.
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Table 1. Structure statistics.
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Diffraction
Beamline ALS 5.0.1
Wavelength (A) 0.9774
Processing
Processing program HKL2000
Space group P212424
Cell dimensions a=53.05A
b=7578 A
c=169.10 A
a=B=y=90°

Resolution range (A)

50-2.40 (2.49-2.40)

Rsym | Rmeas | Rpim 0.18 (0.74)/0.19 (0.82) / 0.07 (0.33)
Mean l/o<I> 9.6 (1.0)
Completeness (%) 98.2 (86.4)
Average redundancy 8.1(4.8)
Mosaicity range (°) 0.24-0.31
Wilson B-factor (A?) 26.8
Refinement
Refinement program PHENIX

Resolution range
No. of unique reflections

28.97-2.40 (2.84-2.40)
24,622 (7,973)

Reflections in free set 1,786 (623)
Rwork 0.19 (0.29)
Riree 0.23 (0.39)
No. of nonhydrogen atoms
protein and zinc 4,838
solvent 188
Average B-factor (A?)
protein and zinc 41.98
solvent 41.90
Coordinate deviations
bond lengths (A) 0.006
bond angles (°) 1.10
Validation and deposition
Ramachandran plot
Favored (%) 99
Outliers (%) 0
MolProbity clashscore 2.89
PDB ID 5EYA

Values in parenthesis are for the highest resolution shell.
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Fig. 4. Solution oligomerization behavior of TRIM25.

(A) The isolated RING domain is predominantly monomeric. Equilibrium
sedimentation distributions at the indicated protein concentrations are shown for
the rotor speed of 28,000 rpm. The upper panel shows absorbance
measurements at 280 nm (symbols) and best-fit curves (solid lines). Lower
panels show residual differences. Data were also collected at a rotor speed of
25,000 rpm, and all six distributions were globally fit to a single-species model in
which the molecular weight (MWobs) was allowed to float. The value obtained
(11 kDa) was about 15% higher than expected (MWcac = 9.6 kDa). Fitting to
a monomer-dimer equilibrium model wherein the molecular weight was fixed to
9.6 kDa also gave good residuals and a dissociation constant of about 1 mM.
Thus, the RING domain is only very weakly dimeric in solution, if at all.

(B) Full-length TRIM25 is a dimer in solution. Sedimentation data at indicated
protein concentrations are shown for the rotor speed of 9,000 rpm. Data were
also collected at a rotor speed of 6,500 rpm, and all six distributions were
globally fit to a single-species model wherein the molecular weight was allowed
to float. MWobs =176 kDa. MWcalc =75.7 kDa. MWobs/MWcalc =2.3.

(C) SEC-MALS analysis of full-length TRIM25 at a loading concentration of
20 uM. Protein concentrations were monitored using a refractive index detector
(RI, blue trace). Mass measurements (M, red trace) indicate that the sample is
almost pure dimer. A minor fraction eluting at 24.3 min (barely detectable by RI)
has molecular weight consistent with a tetramer. Gray dashes indicate the
theoretical masses.

(D) Coomassie-stained SDS-PAGE gel showing purified TRIM25.
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RING/Ubc13-Ub complex is strikingly similar to the RING/E2-Ub complexes of
RNF4 and BIRC7 (Dou et al., 2012; Plechanovova et al., 2012; Fig. 3A and 3B).
Each RING domain interacts with Ubc13-Ub through an extensive three-way
interface. TRIM25 Arg54 coordinates an extensive hydrogen bond network that
packs the Ub C-terminal tail against a shallow groove leading to the E2 active
site (Fig. 3C), and the zinc-bound His30 side chain makes a hydrogen bond with
the Ub Glu32 carbonyl (Fig. 3D). These interactions help hold Ub in the so-called
“closed” conformation primed for catalysis (Dou et al., 2012; Plechanovova et al.,
2012; Pruneda et al.,, 2012). Complex formation also induces allosteric
remodeling of the E2 active site, with the Ubc13 Asn79 side chain amide making
a hydrogen bond with the isopeptide (normally thioester) carbonyl and the
Asp119 side chain positioned to activate the incoming lysine nucleophile
(Fig. 3C). Furthermore, the Ub moiety also makes hydrogen bonds with the
second RING, involving RING side chains Glu22, Lys65, and Asn71; Ub
backbone carbonyls; and the Ub Asp32 side chain (Fig. 3D). These high-
resolution structural details are very similar, and in many aspects identical, to the
previously described RING/E2-Ub complexes of RNF4 (Plechanovova et al.,
2012) and BIRC7 (Dou et al., 2012; Fig. 3B-3D). The striking equivalence of the
three structures strongly indicates that TRIM25 engages E2-Ub conjugates as

a dimer.

TRIM25 RING Dimerization Is Required for Polyubiquitin Synthesis In
Vitro. The TRIM25 RING domain dimer is mediated by two regions of contact

(Fig. 5A). Thr25, Asn31, and Asn66 from the zinc-binding lobes coordinate
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Fig. 5. Structure-Based Mutagenesis of the TRIM25 RING Dimer Interface.

(A) The TRIM25 RING dimer is stabilized by a buried network of hydrogen
bonds (green lines) between the two zinc lobes and by a four-helix bundle
made by residues that flank the zinc lobes in primary sequence. Residues in
close contact within the dimer interface are shown as sticks and labeled.

(B) Coomassie-stained SDS-PAGE gel of purified WT and mutant recombinant
RING proteins. See also Fig. 6.

(C) Ubiquitination activities of the RING mutants (5 uM) with Ubc13/Uev1A
(250 nM; top panels) or Ubcsb (1 uM; bottom panels). Samples were analyzed
by IB with anti-Ub.
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a buried hydrogen bond network, which is contiguous with the hydrophilic
interactions at the RING/E2-Ub interface. A small four-helix bundle formed by
residues that flank the zinc lobes in primary sequence also stabilizes the dimer
via buried aliphatic side chains (Leu7, Leu11, Val68, Leu69, and Val72).
The TRIM25 RING dimer is therefore reminiscent of the BRCA1/BARD1
heterodimer, in that helical elements outside the main zinc cores also mediate
dimer formation (Brzovic et al., 2001). To validate the structure, we
systematically substituted alanine for residues buried in both regions of the
TRIM25 dimer interface and then purified the mutants (Fig. 5B) and tested their
catalytic activity (Fig. 5C). Results showed that the RING mutants were
invariably deficient in catalysis, with L69A and V72A showing the greatest
deficiency (Fig. 5C). Importantly, the size-exclusion profiles of all the RING
mutants were similar to that of the wild-type protein, indicating that the mutants
were also monomeric on purification and that none of the mutations affected the
tertiary fold of the domain (Fig. 6A). Similarly, the L69A and V72A mutations did

not affect folding or the basal oligomerization of full-length TRIM25 (Fig. 6B).

RING dimerization facilitates Ub conjugation because the two RING
domains cooperate in holding the Ub moiety in a configuration primed for
catalysis (Dou et al., 2012; Plechanovova et al., 2012). The first RING interacts
with both E2 and Ub using a conserved set of interactions (Fig. 3C and 3D),
whereas the second RING contacts the same Ub using a different set of
non-conserved residues (Fig. 3D). In RNF4 and BIRC7, the second set of

interactions primarily consists of pi-stacking between a Ub backbone peptide and
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Fig. 6. Size exclusion chromatography behavior of RING domain mutants.

(A) Superdex 75 size exclusion chromatography profiles of the RING domain
mutants shown in Fig. 3 and 4, from the final purification steps. Mutant profiles
are similar to WT, indicating that the mutations did not disrupt folding of the
RING domain.

(B) SEC-MALS profiles of full-length TRIM25 with the L69A and V72A
mutations. Dashed gray line indicates the expected dimer molecular weight.
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a tyrosine or phenylalanine side chain (Fig. 3D, middle and bottom panels; Dou
et al., 2012; Plechanovova et al., 2012). In contrast, the TRIM25 interface
consists of a hydrogen bond network mediated in part by Lys65 and Asn71
(Fig. 3D, top panel, and 4A). To confirm that this set of interactions is important
for catalysis, we also generated the K65A, N71A, and N71D mutants (Fig. 7B)
and assayed them for ubiquitination activity (Fig. 7C). Although the N71A mutant
was still catalytically active, both the K65A and N71D mutants were severely
deficient. Thus, like RNF4 and BIRC7, the second set of RING/Ub interactions is

also required for TRIM25 catalytic activity.

In summary, the results of our structure-based mutagenesis experiments
support the conclusion that the TRIM25 RING domain is catalytically active as
a dimer. This has now been further confirmed by an independent structure of the
TRIM25 RING domain in complex with Ubc5a-Ub, which was reported while this
paper was under review (Koliopoulos et al., 2016). The TRIM5a RING domain in
complex with unconjugated Ubc13 is also a dimer (Yudina et al., 2015), as are
uncomplexed structures of TRIM37 (PDB 3LRQ) and TRIM32 (Koliopoulos et al.,

2016), and so this may be a general property of the TRIM family of E3 ligases.

TRIM25 RING Dimerization Is Required for RIG-l Signaling. Our
structural and biochemical analyses identified the RING domain as a second
self-association motif in TRIM25, in addition to the coiled-coil dimerization motif.
We therefore sought to examine the requirement for both types of interactions in
promoting RIG-I-mediated signaling. To test the signal-transducing activities of

wild-type (WT) and mutant TRIM25 proteins without potentially confounding
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Fig. 7. The Non-conserved Second Set of RING/Ub Interactions Is Required
for Catalysis.

(A) Location of Asn71 and K65 (sticks) in context of the complex.

(B) Coomassie-stained SDS-PAGE gel of purified WT and mutant recombinant
RING proteins. See also Fig. 6.

(C and D) Ubiquitination assays with indicated RING mutants (5 uM) and
Ubc13/Uev1A (250 nM). WT panels show corresponding control experiments,
performed in parallel. Samples were analyzed by IB with anti-Ub.
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effects by the presence of endogenous TRIM25 protein, we utilized CRISPR
technology to generate TRIMZ25-knockout (KO) HEK293T cells (Fig. 8A).
Immunoblot (IB) analysis confirmed the absence of endogenous TRIM25 protein
in these cells (Fig. 8B). To further validate the TRIM25-KO cells, we tested them
for their ability to support RIG-I 2CARD-mediated IFN-b promoter activation by
a luciferase assay (Fig. 8B). As previously shown (Gack et al., 2007),
glutathione-S-transferase (GST)-fused RIG-I 2CARD (GST-2CARD) potently
induced IFN-B promoter activation in normal (WT) HEK293T cells due to its
constitutive signal-inducing activity. In contrast, IFN-B promoter activation
induced by GST-2CARD was very low in TRIM25-KO cells (Fig. 8C). Consistent
with these results, an IAV infection assay showed low viral NS1 protein
expression in WT cells, indicative of well-controlled virus replication (Fig. 8D). In
contrast, the expression of IAV NS1 protein was high in the TRIM25-KO cells,

indicating that these cells are impaired in suppressing virus replication.

To determine the signal-promoting activity of TRIM25 mutants, we
performed the IFN-B luciferase assay in TRIM25-KO cells that have been
transfected with GST-2CARD together with two different amounts (1 or 5 ng) of
plasmid encoding WT or structure-based mutants of TRIM25. As previously
shown (Gack et al, 2007), WT TRIM25 strongly enhanced
GST-2CARD-mediated signaling in a dose-dependent manner (Fig. 9A).
In striking contrast, TRIM25 mutants harboring the L69A and V72A mutations,
which disrupted the RING dimer interface, did not potentiate 2CARD-mediated

signaling; that is, IFN-B promoter activation induced by GST-2CARD
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Fig. 8. Generation and validation of TRIM25-KO HEK293T cells.

(A) Targeting strategy for CRISPR knockout. TRIM25-KO cells were generated
using Cas9-mediated induction of a dsDNA break and insertion of a cassette
encoding for a Blasticidin resistance gene (BSD) controlled by the HSV-1
thymidine kinase (TK) promoter into the TRIM25 open reading frame (ORF)
through homologous recombination. Insertion of the HSV-1 TK-BSD cassette
replaced the start codon and one additional G (ATGG) in the first exon of the
TRIM25 ORF. Upon selection of resistant cell clones using Blasticidin, a single
colony was isolated and propagated.

(B) Absence of TRIM25 protein in TRIM25-KO HEK293T cells. Normal (WT) and
TRIM25-KO HEK293T cells were treated with 1,000 U/mL IFN-a2 for 24 h,
or left untreated. WCLs were subjected to SDS-PAGE, followed by IB with
anti-TRIM25, anti-RIG- |, and anti-actin antibodies.

(C) RIG-I 2CARD dependent signaling is strongly reduced in TRIM25-KO cells
as compared to normal (WT) cells. WT or TRIM25-KO HEK293T cells were
transfected with IFN-B-luciferase, B-galactosidase expressing pGK-B-gal, and
GST or GST-2CARD. 12 h later, IFN-B promoter activity was measured by
luciferase assay and luciferase values were normalized to - galactosidase
values. The results are expressed as mean £ s.d. (n = 3).

(D) Enhanced IAV replication in TRIM25-KO HEK293T cells. Normal (WT) and
TRIM25-KO HEK293T cells were infected with IAV (PR8, H1N1) at an MOI of
0.001. 48 h later, cells were lysed and WCLs analyzed by IB for viral NS1 as
well as endogenous TRIM25 and actin using anti-NS1, anti-TRIM25, and
anti-actin antibodies.



TRIM25 OR]
— [ remzso

Fold induction

Y

140
120
100
80
60
40
20

S,

Nq

\

N

TRIM25 ORlﬂ

S SN

HSV-1 TK - BSD

IFN-B luciferase
activity

I

WT

WT
B TRIM25-KO

WT TRIM25-KO

kDa - + — + :IFN-a
[y PR anti-TRIM25
1004 — - anti-RIG-I
S G cm— — anti-actin
WT TRIM25-KO
kDa -+ - + AV (PR8)
25 .
‘l - - | anti-NS1
754 .
- e anti-TRIM25
S S—— oNti-aCtin

127



128

Fig. 9. IFN Induction, Ubiquitination, and Antiviral Activities of TRIM25.

(A) IFN-B induction by WT and TRIM25 mutants. TRIM25-KO HEK293T cells
(Fig.8) were transfected with plasmids encoding |FN-B-luciferase,
B-galactosidase, GST, or GST-2CARD and empty vector (Vec) or the indicated
FLAG-tagged TRIM25 (T25) constructs (see Experimental Procedures for
details). Twelve hours later, IFN-B promoter activity was measured by a
luciferase assay and values were normalized to
B-galactosidase. Whole-cell lysates (WCLs) were analyzed by IB with the
indicated antibodies. Results are expressed as mean £ s.d. (n = 2).

(B) Ubiquitination of RIG-I 2CARD. TRIM25-KO HEK293T cells were transfected
with plasmid for GST or GST-2CARD, together with Vec or the indicated
FLAG-TRIM25 constructs. Forty-eight hours later, cells were lysed and WCLs
subjected to GST pull-down (GST-PD), followed by IB with anti-Ub and anti-GST
antibodies. 1B of WCLs was performed with anti-FLAG antibody to determine the
expression levels of the TRIM25 WT and mutant proteins.

(C and D) Replication of influenza A virus (IAV) (H1N1 PR8 strain) in
TRIM25-KO HEK293T cells reconstituted with TRIM25 WT or mutants. Cells
were transfected with Vec or plasmids encoding FLAG-tagged TRIM25 WT or
the indicated mutants. At 24 h post-transfection, cells were infected with IAV
(MOI 0.01) for 96 hr. Expression levels of |IAV NS1, actin, and TRIM25
constructs were analyzed by IB with anti-NS1, anti-actin, and anti-FLAG
(TRIM25) antibodies (C). IAV titers in the supernatant of reconstituted
TRIM25-KO cells were determined by TCID50 assay (D). The results shown are
from two independent experiments.
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co-expressed with TRIM25 L69A or V72A was similar to that of GST-2CARD
expressed alone. The lack of IFN-  -inducing activity of the TRIM25 L69A and
V72A mutants correlated very well with loss of ubiquitination of the RIG-1 2CARD
(Fig. 9B), confirming that the abolished signal-promoting activity of TRIM25 L69A

and V72A is due to defective E3 ligase activity.

We also tested TRIM25 proteins harboring Y245A and L252A mutations,
which severely disrupted dimerization of the isolated coiled-coil domain (Sanchez
et al., 2014). These TRIM25 mutants showed only slightly reduced activities in
promoting GST-2CARD-mediated IFN-b promoter activation as compared to WT
TRIM25 at higher expression, whereas they had similar activities to WT TRIM25
at low expression (Fig. 9A). The TRIM25 coiled-coil mutants also supported
GST-2CARD ubiquitination, although this was somewhat reduced compared to

WT TRIM25, in particular for the L252A mutant (Fig. 9B).

To determine the antiviral activity of TRIM25 mutants with disrupted RING
dimer (L69A or V72A) or coiled-coil dimer (Y245A or L252A) interfaces, we
reconstituted TRIM25-KO cells with the individual mutants and subsequently
infected them with |AV. Cells transfected with empty vector or WT TRIM25
served as controls (Fig. 9C and 9D). Cells reconstituted with WT TRIM25
potently inhibited viral titers (by more than four log) and viral NS1 protein
expression as compared to cells reconstituted with empty vector (Vec).
In contrast, cells reconstituted with the TRIM25 L69A or V72A mutant had similar
viral titers and NS1 protein levels as vector-complemented cells, indicating

a profound defect in antiviral activity of these TRIM25 mutants. Furthermore,
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cells reconstituted with the Y245A and L252A mutants showed only a slightly
reduced antiviral activity as com-pared to WT TRIM25 (Fig. 9C and 9D), which is
consistent with the IFN-b luciferase and 2CARD ubiquitination data (Fig. 9A and

9B).

The modest defect caused by the Y245A and L252A coiled-coil
dimerization mutations was somewhat surprising, because these mutations
resulted in severe misfolding of the isolated coiled-coil domain of TRIM25, as
determined by a thermal melting assay (Sanchez et al.,, 2014). We therefore
tested the effect of these mutations on the thermal melting profile of full-length
TRIM25. In contrast to the isolated coiled-coil mutant proteins, the full-length
mutants were more easily purifiable and remained dimeric, although, as
expected, they were less stable than WT (Fig. 10). Thus, the folding defect
caused by Y245A and L252A was much less pronounced in context of full-length
TRIM25, explaining the modest effect of these mutations in the cell-based
assays. We surmise that the presence of eukaryotic chaperones during
expression of the full-length mutants likely compensates for the folding and

dimerization defect caused by the coiled-coil mutations.

Analysis of TRIM25 Self-Association in Solution. The above results
indicated that the stable, coiled-coil-mediated TRIM25 dimer (Sanchez et al.,
2014) is insufficient for catalysis and that engagement of the E2-conjugating
enzyme and polyUb synthesis occurs with further, higher-order assembly of the
ligase. Indeed, TRIMSa, another antiviral TRIM family member, becomes

catalytically active precisely by this mechanism. Higher-order assembly of
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Fig. 10. Stability and Folding of Coiled-Coil Mutants.
(A) Coomassie-stained SDS-PAGE gel showing purified proteins.

(B) Differential scanning fluorimetry thermal melting profiles were measured
using proteins at 1 mg/mL as described (Sanchez et al., 2014). Upper panel
shows raw fluorescence curves; error bars represent *+ s.d. from quadruplicate
measurements. Lower panel shows negative first derivatives of the raw curves
indicate Y245A had 2 transitions. These results indicate that, in context of
full-length TRIM25, the coiled-coil mutations did not disrupt dimerization but did
reduce stability.

(C) SEC-MALS profiles of full-length TRIM25 with the Y245A and L252A
mutations show that the coiled-coil mediated dimers are intact. Dashed gray
line indicates the expected dimer molecular weight.
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TRIMSa is mediated by its single B-box domain, which facilitates spontaneous
assembly of coiled-coil-mediated TRIM5a dimers into an extended lattice
(Diaz-Griffero et al., 2009; Ganser-Pornillos et al., 2011; Li and Sodroski, 2008;
Li et al., 2016; Wagner et al., 2016). Note that, in contrast to TRIMSa, TRIM25
has a tandem of B-boxes (Fig. 1A). To determine whether TRIM25 also
assembles spontaneously in a B-box-dependent manner, we analyzed the
solution behavior of full-length TRIM25 (Fig. 4B and 4C). Notably, we found that
full-length TRIM25 had significant E3 ligase activity at nanomolar concentrations
(Fig. 1F). This was in contrast to the isolated RING domain, which catalyzed
polyUb formation only at micromolar concentrations (Fig. 1C) and suggested that,
in context of the full-length protein, RING-RING interactions occurred more
readily. We have previously shown that the isolated coiled-coil domain of
TRIM25 is a stable dimer in solution, and indeed, freshly purified full-length
TRIM25 also behaved as a stable dimer at low-protein concentrations (Fig. 4B).
Interestingly, at higher concentrations, we reproducibly detected the presence of
a minor species with molecular weight consistent with a tetramer (Fig. 4C).
However, extensive analysis by electron microscopy did not reveal convincing
evidence of spontaneous higher-order or lattice-type assembly behavior for
TRIM25. These results indicated that unlike the B-box 2 domain of TRIMSa, the
equivalent domain in TRIM25 does not spontaneously self-associate. We
conclude that efficient TRIM25 RING domain activation is likely to be facilitated

by other factors.
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RIG-I 2CARD Enhances TRIM25’s Catalytic Activity In Vitro. What
might be the factors that promote assembly of catalytically active TRIM25? Our
data indicate that a minimum of two coiled-coil-mediated TRIM25 dimers (or four
monomers) is required to generate a catalytically active E3 ligase. This matches
the stoichiometry of the 2CARD tetramer that seeds MAVS filament assembly.
Therefore, an appealing hypothesis is that TRIM25 and RIG-I mutually promote
each other’s oligomerization and activation. Indeed, it has been demonstrated
that K63-linked poly-Ub chains synthesized by TRIM25 can promote 2CARD
tetramerization in vitro (Peisley et al., 2014). We therefore performed the
complementary experiment to ask whether 2CARD promotes higher-order

oligomerization and catalytic activation of TRIM25.

We first titrated TRIM25 concentrations in our ubiquitination reactions and
found that, with 100 nM of full-length TRIM25, poly-Ub chain formation was
minimal with either Ubc13/Uev1A (Fig. 11A, lane 3) or Ubc5c (Fig. 11A, lane 7).
The same reactions were then performed in the presence of 1 mM of freshly
purified His-tagged 2CARD, and we found that polyUb synthesis was very
significantly enhanced (Fig. 11A, compare lane 4 to lane 3 and lane 8 to lane 7).
Thus, RIG-I 2CARD can promote TRIM25 RING/RING self-association in vitro
and, by implication, higher-order oligomerization of coiled-coil-mediated TRIM25

dimers.

To determine whether polyUb-mediated 2CARD tetramerization was
required for this effect, we measured catalysis using a Ub discharge assay in

which polyUb chains were not being made (Middleton et al., 2014). In this assay,
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Fig. 11. RIG-l 2CARD Enhances TRIM25’s Catalytic Activity In Vitro.

(A) Ubiquitination activity of 100 nM FLAG-TRIM25 in the presence or absence
of His-tagged RIG-I 2CARD. Reaction mixtures were analyzed by IB with
anti-Ub (top), anti-FLAG (middle), and anti-His (bottom). As with the
autoubiquitination reactions, substrate-attached Ub was observed only with
Ubc5b and not with Ubc13/Uev1A. This experiment was performed with five
independent protein preparations, with similar results.

(B) Oxyester hydrolysis assays showing the disappearance of Ubc5bS22R/C85S.Jp
conjugates and the appearance of free Ubc5b in the presence of full-length
TRIM25 (1 uM), GST-tagged WT or T55D RIG-I 2CARD (8 uM), and/or
K63-linked tetraUb (5 uM) over 180 min. (Top) Samples were resolved by using
non-reducing SDS-PAGE and Coomassie blue staining. Experiments were
performed in duplicate, and one set is shown. (Bottom) Densitometry
quantification of gels follows the appearance of free Ubc5b over time. Error bars
show the range values obtained in two independent experiments, performed
with independent protein preparations of both TRIM25 and 2CARD.
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E2-Ub conjugates were first synthesized by incubation of E1 and E2 enzymes
with Ub and ATP. Discharge of the Ub moiety was then monitored by the
disappearance of the E2-Ub conjugate and appearance of free E2, under
conditions that prevent re-charging of the E2. To slow down the reaction, we
used oxyester-linked Ubc5bS?2R/C85S_Up conjugates and did not add excess Ub
acceptor amine (Middleton et al., 2014; Wright et al., 2016). In this assay format,
we found that TRIM25 did not significantly increase the basal rate of free E2
accumulation, probably because dissociation of the RING/RING dimer or
RING/E2-Ub complex was fast relative to oxyester cleavage. We then found that
the presence of 2CARD also did not result in increased discharge (Fig. 11B),
even though we used a GST-2CARD fusion protein that was already dimeric due
to the GST tag. On the other hand, when the added GST-2CARD was
pre-incubated with K63-linked tetraUb, TRIM25-mediated discharge was
increased. The effect was modest but was nevertheless evident, especially when
comparing the initial time points (30-90 s), and was reproducibly observed in two
independent experiments performed with independent protein preparations
(Fig. 11B). Because incubation with K63-linked polyUb chains induces 2CARD
tetramerization in vitro (Peisley et al.,, 2014), these results indicated that the
presence of the 2CARD tetramer also stabilized the TRIM25 RING dimer and/or
RING/E2-Ub complexes, i.e., that 2CARD oligomerization and TRIM25

oligomerization can occur cooperatively.

Finally, we found that mutation of T55 in the first CARD, which is a critical

residue for TRIM25 SPRY domain binding (Gack et al., 2008), did not increase
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TRIM25-mediated Ub discharge, even when the mutant GST-2CARD was
pre-incubated with K63-linked polyUb (Fig. 11B). This result confirmed
expectation that RIG-I 2CARD-mediated TRIM25 activation is dependent on

binding of 2CARD to the SPRY domain of TRIM25.

DISCUSSION

The essential role of TRIM25 in the RIG-I pathway is underscored by
findings that viruses, such as IAV and dengue virus, have evolved mechanisms
to suppress RIG-I signaling by specifically targeting and disrupting TRIM25
function (Gack et al., 2009; Manokaran et al., 2015; Rajsbaum et al., 2012).
In this study, we confirm the essential requirement for TRIM25’s E3 ubiquitin
ligase activity in RIG-I signaling (Gack et al., 2007) by showing that mutations
that disrupt TRIM25 RING domain activation also reduce to background levels
the ubiquitination of RIG-I 2CARD, 2CARD-dependent IFN induction, and
antiviral activity against IAV. Furthermore, our results show that the TRIM25
RING domain must dimerize in order to productively engage Ub-conjugated E2
enzymes and become catalytically active, which is a common (but not universal)
property of the RING family of E3 ubiquitin ligases (Lima and Schulman, 2012).
Like other TRIM proteins, the basal oligomeric state of TRIM25 is a stable,
coiled-coil-mediated dimer (Goldstone et al., 2014; Li et al., 2014; Sanchez et al.,
2014; Weinert et al., 2015). The TRIM25 coiled-coil dimer has an antiparallel
architecture, which places the two associated RING domains on opposite ends

of an elongated rod (Sanchez et al., 2014). Therefore, TRIM25 RING dimers
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very likely form by means of higher-order oligomerization (or assembly) of the

coiled-coil-mediated dimers.

We envision at least two possible types of assembled, catalytically active
TRIM25: a tetramer form wherein one coiled-coil-mediated dimer would interact
with a second to allow head-to-head interactions of their RING domains or
a filamentous or net form wherein the RING domains on opposite ends of the
coiled coil would interact with RING domains from separate dimers (Fig. 12).
TRIM5a, another well-characterized TRIM protein, makes higher-order
complexes by the second mechanism; in this case, individual N-terminal RING
domains are brought into close proximity by spontaneous trimerization of the
downstream B-box 2 domains and assembly of TRIMSa dimers into an extended
hexagonal network (Ganser-Pornillos et al., 2011; Li et al., 2016; Wagner et al.,
2016; Yudina et al., 2015). Our analysis did not reveal a similar type of
spontaneous high-order assembly behavior for TRIM25, indicating that its RING

domains are brought into proximity by a different mechanism.

Initial recognition of viral RNA by RIG-l occurs at a tri- or
di- phosphorylated blunt end of the viral RNA (Cui et al., 2008; Goubau et al.,
2014; Hornung et al., 2006; Jiang and Chen, 2011; Kowalinski et al., 2011; Luo
et al., 2011; Pichlmair et al., 2006). Multiple RIG-I molecules can decorate the
same RNA (if it is of sufficient length) in an ATP-dependent manner (Peisley et
al., 2013). This property of RIG-I is thought to promote clustering of activated

2CARDs, because a minimum of four 2CARD molecules is required to seed
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Fig. 12. Models of TRIM25 RING Dimerization.

Shown are two possible modes of higher-order assembly of coiled-coil-mediated
TRIM25 protein dimers that will promote RING/RING dimerization. The domains
are color-coded as follows: red, RING (R); orange, B-boxes (B); green, coiled
coil; blue, SPRY (S).
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MAVS CARD filament assembly and initiate signaling (Peisley et al., 2014; Wu et
al., 2014). We found that, at least in vitro, the isolated 2CARD can promote
TRIM25 catalytic activation, in a manner that appears dependent on binding of
2CARD to the TRIM25 SPRY domain. These results indicate that RIG-I
assembly on the viral RNA has the additional purpose of recruiting and clustering
multiple TRIM25 dimers to activate K63-polyUb synthesis. Such a coupled
recruitment and activation mechanism avoids any potential off-pathway effects of
polyUb chains because these are synthesized only when needed and at the

correct location.

Furthermore, we propose that mutually productive engagement of RIG-
and TRIM25 goes beyond simple proximity-induced self-association and
activation. Because 2CARD-mediated enhancement of TRIM25 activity in vitro is
also dependent on polyUb, it is very likely that formation of the tetrameric 2CARD
seed is cooperative with TRIM25 RING dimerization and catalytic activation.
Indeed, it is probable that there is an avidity component to the interaction,
because a head-to-head TRIM25 tetramer should cluster four SPRY domains
and allow simultaneous, stoichiometric SPRY/2CARD binding. A cooperative
assembly mechanism is consistent with the finding that TRIM25, RNA-bound
RIG-I, and the chaperone protein 14-3-3¢ make a stable ternary complex that
translocates from the cytosol to mitochondria in order to activate MAVS (Liu et al.,

2012).

In summary, our results help to explain why TRIM25 is an essential player

in the RIG-I-signaling pathway. In addition to its role as an enzymatic effector of
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RIG-I, TRIM25 confers additional biochemical functionalities that promote
2CARD tetramerization and signal propagation. TRIM25 therefore helps to
fine-tune the efficiency of RIG-I-mediated signaling to high degree, which is an
important property that allows the pathway to respond effectively even if viral

challenge is low.

METHODS

Ubiquitination Assay. E1 and E2 enzymes and Ub were either purified
in house or purchased from Boston Biochem, UBPBio, or Enzo Life Sciences.
Ubiquitination reactions were incubated at 37 C in 50 mM Tris (pH 7.5),
150 mM NaCl, 0.5 mM tris(2-carboxyethyl)phosphine (TCEP), or 1 mM
-mercaptoethanol (BME) and typically contained E1 (50 or 100 nM), E2 (280 uM
Ubc13/Uev1A, 1 uM Ubc13, or 1 yM Ubcbb), E3 (200 nM TRIM25 or 5 uM
RING), Ub (40 uM), ATP (3 mM), and MgCl> (56 mM). Reactions were stopped by
addition of SDS-PAGE sample buffer and boiling for 10 min. Typically, time
points were taken at 0, 5, and/or 20 min. Immunoblots were performed with
anti-Ub (1:2,000; P4D1; Santa Cruz Biotechnology), K63-linkage-specific anti-Ub
(1:1,000; Enzo Life Sciences), anti-pentaHis (1:1,000; QIAGEN), and anti-FLAG
M2 (1:5,000; Sigma). Signals were detected with a fluorescent secondary

antibody (Rockland) and a LI-COR Odyssey scanner.

Ubiquitin Discharge Assay. This assay was performed essentially as
described (Wright et al., 2016). Ubc5bS?2R/C85S.Ub oxyester-linked conjugate was

prepared by mixing the following: 200 uM Ubc5b, 300 uM Ub, 1 uM E1, 50 mM
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Tris (pH 7.5), 150 mM NaCl, 5 mM ATP, 5§ mM MgClz, 0.5 mM TCEP, and 0.1%
Triton X-100. After overnight incubation at 37 C, the E1 enzyme and free ATP
were removed by gel filtration in 20 mM Tris (pH 7.5) and 150 mM NacCl.
Fractions containing E2-Ub, free E2, and free Ub were collected and
concentrated to 4 mg/ml (5x concentration). Discharge reactions containing
1x Ubc5bS22RIC85S_Jp, 1 uM TRIM25, and 8 uM GST-2CARD (WT or T55D), with
or without 5 yM K63-linked tetraUb (Boston Biochem) in 50 mM Tris (pH 7.5) and
50 mM NaCl were incubated at 37°C. Time points were taken every 30 min over
3 h and quenched by addition of non-reducing SDS-PAGE and subsequent
placement on ice. Reactions products were visualized by SDS-PAGE and
Coomassie staining. Free Ubc5bS?2RC85S was quantified by using a LI-COR
Odyssey scanner. The experiment was performed twice, each with freshly

purified batches of TRIM25 and 2CARD.

Structure Determination of the TRIM25 RING/Ubc13-Ub Complex.
The purified RING and Ubc13%7K-Ub conjugate samples were diluted to 20 uM
using their respective size exclusion buffers, mixed at equal volumes, and then
concentrated to 10 mg/ml. Crystallization was performed in sitting drops with
commercial screens at a 2:1 protein-to-precipitant ratio. Crystals formed in
Hampton PEG/lon HT Screen condition no. D9 (0.2 M Li citrate and 20%
polyethylene glycol (PEG) 3,350) after 2 days and were used for data collection
without optimization. Ethylene glycol (10% [v/v] in mother liquor) was used as
cryoprotectant. Diffraction data collected at beamline 5.0.1 at the Advanced Light

Source were indexed and scaled using HKL2000 (Otwinowski and Minor, 1997).
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The phase problem was solved by molecular replacement with crystal
structures of human Ubc13 (PDB 1J7D) and Ub (PDB 1UBQ). The Ubc13 active
site loop and Ub tail were removed from the search models to obtain unbiased
densities for these regions. After positioning of the Ubc13 and Ub moieties, rigid
body refinement also revealed strong densities for the zinc atoms in the RING
domains as well as coordinating side chains and associated loops. These served
as guides for calculation of 2-fold noncrystallographic symmetry (NCS) averaged
maps, which were used to build the RING domains. Iterative refinement and
manual model building were performed with PHENIX (version 1.9-1692; Adams
et al., 2010) and Coot (Emsley et al., 2010). Secondary structure, torsion angle
NCS, covalent bond and angle restraints for the Ubc13 K87-Ub G76 isopeptide,
and zinc coordination (bond and angle) restraints were applied during refinement.
Structure validation tools (as implemented in PHENIX and Coot) were used
throughout the refinement process. Structure statistics are summarized in

Table 1.

IFN-B Luciferase Assay. TRIM25-KO HEK293T cells were seeded into
24-well plates. The next day, the cells were transfected with 100 ng of IFN-3
luciferase reporter plasmid and 150 ng of Db-galactosidase-expressing
pGK-B-gal. To stimulate IFN-B promoter activity, cells were also transfected with
1 ng of plasmid encoding GST-2CARD together with 1 or 5 ng of empty pCMV
vector or pCMV-FLAG-TRIM25 WT or mutant constructs. Twelve hours later,

whole-cell lysates (WCLs) were prepared and subjected to a luciferase assay



147

(Promega). Luciferase values were normalized to [(-galactosidase activity to

measure the transfection efficiency.

GST Pull-Down Assay and Immunoblot Analysis. Pelleted cells were
lysed in NP-40 buffer (50 mM HEPES [pH 7.4], 150 mM NaCl, 1% [v/v] NP-40,
and protease inhibitor cocktail [Roche]), followed by centrifugation at 13,000 rpm
for 25 min. Lysates were mixed with a 50% slurry of glutathione-conjugated
Sepharose beads (GE Healthcare), and the binding reaction was incubated for
3 h at 4°C. Precipitates were washed extensively with lysis buffer. Proteins
bound to the beads were separated by SDS-PAGE and transferred to
a polyvinylidene difluoride (PVDF) membrane (Bio-Rad). Immunoblots were
performed with anti-Ub (1:5,000; P4D1; Santa Cruz), anti-FLAG (1:2,000; Sigma),
anti-GST (1:2,000; Sigma), anti-RIG-I (1:1,000; Adipogen), anti-TRIM25 (1:2,000;
BD Biosciences), anti-actin (1:5,000-1:15,000; Sigma), or anti-NS1 (polyclonal
rabbit; 1:3,000; kindly provided by Adolfo Garcia-Sastre, Mount Sinai). The
proteins were visualized by a chemiluminescence reagent (Pierce) and detected

with a GE Healthcare Amersham Imager.

Influenza Replication Assays. TRIM25-KO HEK293T cells, seeded into
12-well plates, were ftransfected with 2 mg of pCMV empty vector or
pCMV-FLAG-TRIM25 WT or mutant constructs. At 24 hr post-transfection, cells
were infected with IAV (MOI 0.01) for 96 hr. To determine viral titers,
supernatants were subjected to an endpoint titration (TCID50) assay on MDCK
cells in DMEM supplemented with Pen-Strep, 0.2% BSA (Sigma), 25 mM

HEPES, and 2 mg/mL TPCK-trypsin (Worthington Biochemical), as described
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previously (Balish et al., 2013). Furthermore, cells were harvested and WCLs
prepared and subjected to SDS-PAGE and IB analysis using anti-NS1,

anti-FLAG, and anti-actin antibodies.

Purification of the TRIM25 RING Domain. DNA encoding the TRIM25
RING domain (residues 1-83) was subcloned into the Ndel and BamHI sites of
pET28a (Novagen) in-frame with a His-tag leader and a thrombin cleavage site.
Mutants were made from this construct by the Quikchange method (Agilent).
Proteins were expressed in E. coli BL21(DE3) cells using the auto-induction
method (Studier, 2005). Cells from 1 L of culture were resuspended in 30 mL
lysis buffer (50 mM Tris, pH 9.0, 0.3 M NaCl, 1 mM TCEP) supplemented with
2 mM phenylmethylsulfonylfluoride (PMSF). Cells were lysed using
a microfluidizer (Microfluidics model M110P) at 20,000 psi chamber pressure.
Cell debris was removed by centrifugation (45,000 g for 45 min at 4 °C). Filtered
supernatant was incubated in a gravity flow chromatography column with ~4 mL
Ni-NTA resin (Qiagen) for 1 h on a rocker at 4 °C. The resin was washed with
200 mL lysis buffer, followed by 500 mL of wash buffer (25 mM Tris, pH 8.0,
300 mM NaCl, 1 mM TCEP, 15 mM imidazole). Bound protein was eluted in
wash buffer containing 400 mM imidazole. Thrombin (Sigma) was added to the
pooled fractions (50 units), and the sample was dialyzed overnight at room
temperature against cleavage buffer (20 mM Tris, pH 8.0, 20 mM NaCl, 1 mM
TCEP, 2 mM CacClz). Pooled fractions were concentrated to ~4 mL and purified
to homogeneity on a HiLoad 16/600 Superdex 75 gel filtration column

(GE Healthcare) in crystallization buffer (20 mM HEPES, pH 7.4, 100 mM NaCl,
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1 uM ZnClz, 1 mM TCEP). Dimerization mutants were purified in the same
manner. Typical yields were ~2.5 mg/L culture. The pure proteins were
concentrated to ~25 mg/mL (WT) or ~2 mg/mL (mutants), flash -frozen in liquid
nitrogen, and stored at -80°C. The mass of freshly purified WT protein was
determined by electrospray ionization mass spectrometry to be 9,496 Da, which

exactly matched the expected value.

Purification of full-length TRIM25. Full-length TRIM25 was subcloned
into pFastBac1 (Invitrogen) with an N-terminal Strep/FLAG tag and a human
rhinovirus 3C protease cleavage site using the InFusion system (Clontech).
Mutants were made from this construct by the Quikchange method (Agilent).
Proteins were expressed in SF9 insect cells using a modification of the Invitrogen
Bac-to-Bac baculovirus expression system (Hanson et al., 2007). Cells from
1.6 L of culture were resuspended in lysis buffer (50 mM Tris, pH 8.0, 20 mM
NaCl, 200 mM (NH4)2SO4, 10% (v/v) glycerol, 1.5% (v/v) Triton X-100, 1 mM
TCEP) supplemented with 2 mM PMSF, 2 tablets of protease inhibitor cocktail
tablets (Roche), and 25 units/mL Benzonase nuclease (Sigma). Cells were lysed
using a dounce homogenizer, and debris was removed by centrifugation (45,000
g for 45 min at 4°C). To remove contaminating nucleic acids, a 9% solution of
polyethyleneimine (PEI) was added dropwise to the clarified cell lysate to a final
concentration of 0.1%, followed by stirring for 40 min in ice. The resulting
precipitate was removed by centrifugation (20,000 g for 30 min at 4°C). The
supernatant was incubated in a gravity flow chromatography column with 4 mL of

StrepTactin resin (GE Healthcare) for 3 h on a rocker at 4 °C. The resin was
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washed four times with 40 mL of wash buffer (50 mM Tris, pH 8.0, 300 mM NaCl,
10% (v/v) glycerol, 1 mM TCEP). Bound protein was eluted in wash buffer
containing 5 mM desthiobiotin (Sigma). Pooled fractions were concentrated to
~4 mL and purified to homogeneity on a HiLoad 16/600 Superdex 200 gel
filtration column (GE Healthcare) in size-exclusion buffer (20 mM CHES, pH 9.0,
300 mM NaCl, 1 mM TCEP). The purified protein was concentrated to
~4.5 mg/mL, flash-frozen with liquid nitrogen, and stored at -80°C. Typical yields

were ~1.25 mg/L of culture.

Purification of His-tagged RIG-l 2CARD. The expression plasmid for
His-tagged human RIG-I 2CARD was a kind gift of Sun Hur (Harvard Univ.).
Protein was expressed and lysates prepared as described above for the TRIM25
RING domain. PEI precipitation was performed as described above for full-length
TRIM25. The target protein was extracted from the supernatant by using 40%
ammonium sulfate and centrifugation (9000 g for 20 min at 4°C). The pellet
containing RIG-1 2CARD was resuspended in 50 mL wash buffer (60 mM HEPES,
pH 8, 300 mM NaCl, 10% (v/v) glycerol, 20 mM imidazole, and 1 mM TCEP) and
incubated in a gravity flow chromatography column with 4 mL Ni-NTA resin
(Qiagen) for 1 h on a rocker at 4 °C. The resin was washed with 400 mL of wash
buffer, followed by elution with wash buffer containing 500 mM imidazole at pH 8.
The protein solution was concentrated to ~5 mL and purified to homogeneity on
a HiLoad 16/600 Superdex 75 gel filtration column (GE Healthcare) and eluted in
size-exclusion buffer (20 mM HEPES at pH 8, 300 mM NaCl, 1 mM TCEP).

Purified protein was concentrated to ~160 pM.
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Purification of GST-tagged RIG-l 2CARD. The 2CARD reading frame
was subcloned into pGEX2T, in frame with an N-terminal GST tag and thrombin
site (GE Healthcare). The T55D mutation was introduced into this vector using
Quikchange (Agilent). Proteins were expressed in E. coli BL21(DE3) cells,
induced at ODsoo = 0.6 with 400 pM isopropyl B-D-1-thiogalactopyranoside
(IPTG) and incubated at 16 °C for 16h. Cells from 3 L of culture were
resuspended in 50 mL lysis buffer (50 mM Tris 8, 150 mM NaCl, 2 mM PMSF,
10% (v/v) glycerol, and 1 mM TCEP). Lysis and PEI precipitation were performed
as described for the His-tagged 2CARD. Filtered supernatant was incubated in
a gravity flow chromatography column with 2.5 mL glutathione agarose resin
(Goldbio) for 4 h on a rocker at 4 °C. Bound protein was eluted with 2.5 mM
glutathione after extensive washing of the resin with lysis buffer. Pooled fractions
were concentrated to ~3 mL and purified to homogeneity on a HiLoad 16/600
Superdex 75 gel filtration column (GE Healthcare) in purification buffer (20 mM
Tris, pH 7.5, 150 mM NaCl). Pooled protein fractions were concentrated to

40 uM.

Purification of Ubc13C87K. The human Ubc13 C87K mutant, with an
N-terminal His-tag, was made by Quikchange mutagenesis from a plasmid
template kindly provided by Chris Hill (Univ. of Utah). Protein was expressed in
E. coli BL21(DE3) cells using the auto-induction method (Studier, 2005). Cells
were lysed in the same manner as TRIM25 RING, and the protein was purified
using a 5-mL Ni-NTA column (Qiagen) . Bound fractions were eluted in 20 mM

Tris, pH 8.0, 150 mM NaCl, 1 mM TCEP, 400 mM imidazole. 3C protease was
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added to the pooled fractions (~1:160 mass ratio), and the sample was dialyzed
overnight at 4 °C against cleavage buffer (20 mM Tris at pH 8, 150 mM NacCl,
1 mM TCEP). The protein solution was concentrated to ~5 mL and purified to
homogeneity with a HiLoad 16/600 Superdex 75 gel filtration column
(GE Healthcare) in 20 mM HEPES, pH 7.4, 150 mM NaCl, 1 mM TCEP. The
pure protein was concentrated to ~33 mg/mL, flash-frozen in liquid nitrogen, and

stored at -80 °C.

Preparation of Ubc13%K.Ub conjugate. The stable Ubc13°%K-Ub
conjugate was prepared using a previously published protocol for Ubcba
(Plechanovova et al., 2012). Briefly, Ubc13 C87K (200 pM), His-tagged Ub
(240 uM, UBPBIo), and E1 (0.75 uM, Enzo Life Sciences) were mixed and then
dialyzed overnight in reaction buffer (50 mM Tris, pH 10.0, 150 mM NaCl, 3 mM
ATP, 5 mM MgClz, 0.5 mM TCEP). The reaction mix was then incubated at 35°C
for 24 h, followed by overnight dialysis (50 mM Tris, pH 9.0, 150 mM NacCl, 1 mM
TCEP) at 4 °C. Following purification using Ni-NTA resin (Qiagen), the His-tag
was removed from the Ub moiety by overnight incubation with
50 units of thrombin (Sigma), and the E2-Ub conjugate was purified to
homogeneity on a HiLoad 16/600 Superdex 75 gel filtration column
(GE Healthcare) in size-exclusion buffer (20 mM HEPES, pH 7.4, 150 mM NaCl,

1 mM TCEP). The purified conjugate was concentrated to 0.6 mg/mL.

Purification of Ubc5b. Untagged human Ubc5b and Ubc5bS22R/C85S were
expressed in E. coli BL21(DE3) cells in the same manner as GST-2CARD. Cells

from 1 L of culture were resuspended in 50 mL lysis buffer (50mM Tris 8,
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100 mM NaCl, 2 mM PMSF, 10 mM BME). After lysis and PEI precipitation,
the protein was precipitated with ammonium sulfate at 65% saturation and
centrifugation. The precipitate was resuspended in desalting buffer (20 mM
MOPS, pH 6.5, 100 mM NaCl, 10% (v/v) glycerol, 10 mM BME).
The resuspended protein solution was applied on a HiPrep 26/10 Desalting
column (GE Healthcare) with desalting buffer as the running buffer. Collected
fractions were diluted two-fold into buffer A (20 mM MOPS 6.5 and 10 mM BME),
applied onto a HiTrap SP FF column (GE Healthcare), and eluted with a linear
salt gradient (buffer A + 1 M NaCl). Pooled fractions were concentrated to ~3 mL
and purified to homogeneity on a HiLoad 16/600 Superdex 75 gel filtration
column in purification buffer (20 mM Tris, pH 7.5, 150 mM NacCl, 0.5 mM TCEP).

Pooled protein fractions were concentrated to 1.3 mM.

Analytical ultracentrifugation. Sedimentation equilibrium data were
collected using a Beckman Optima XL-A centrifuge at 4 °C. The isolated RING
domain was analyzed at rotor speeds of 25,000 and 28,000 rpm, at loading
concentrations of 59, 29.5, and 14.8 yM, in 25 mM HEPES, pH 7.4, 150 mM
NaCl, 1 mM TCEP. Full-length FLAG-tagged TRIM25 was analyzed at speeds of
6,500 and 9,000 rpm and loading concentrations of 7.8, 3.9, and 1.95 uM, in
25 mM Tris, pH 9, 200 mM NaCl, 1 mM TCEP. Each centrifugation run was
performed for 24 h to reach equilibrium. Nonlinear least-squares data fitting was
performed using the Heteroanalysis software (Cole, 2004). Solvent density and
protein partial-specific volumes were calculated with the program SEDNTERP

(Laue et al., 1992).
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SEC-MALS. Mass measurements were performed on a Dionex
UltiMate3000 HPLC system (ThermoFisher) connected to a miniDAWN TREOS
static light scattering detector (Wyatt Technology) and Optilab T-rEX differential
refractometer (Wyatt Technology). Sample volumes of 40 yL at about 20 pM
concentration were applied to a Superdex 200 HR 10/300 GL column
(GE Healthcare) and developed in 50 mM Tris, pH 9, 200 mM NaCl, 0.5 mM
TCEP at a flow rate of 0.4 mL/min. Data were recorded and processed using

ASTRA software (Wyatt Technology).

Plasmids and viruses. The pEBG plasmids encoding GST or
GST-2CARD have been previously described (Gack et al., Nature 2007).
Plasmids encoding IFN-B luciferase and B-galactosidase (pGK-3-gal) have been
previously described (Lin et al., 2000; Tanaka et al., 1995). pCMV-entry plasmid
was purchased from Origene. The plasmids pcDNA3.3-hCas9, expressing
human codon optimized Cas9, and pMH3 were gifts from George Church
(Addgene plasmid #41815) and Klaus Foerstemann (Addgene plasmid #52528),
respectively. pLKO.1 plasmid was purchased from ThermoFisher.
pCMV-FLAG-TRIM25 was a gift from Dong-Er Zhang (Addgene plasmid
#12449); mutations were introduced into this plasmid using the Quikchange

method (Agilent).

Influenza A/PR/8/34 (H1N1) virus was kindly provided by Adolfo
Garcia-Sastre (Icahn School of Medicine at Mount Sinai). IFN-a2 was purchased

from PBL Biomedical Laboratories.
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Cell culture and transfection. HEK293T and MDCK (Madin-Darby
canine kidney) cells were cultured in Dulbecco's Modified Eagle's Medium
(DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS; HyClone), 2 mM
L-glutamine, and 1% (w/v) penicillin-streptomycin (Pen-Strep; Gibco).
TRIM25-KO HEK293T cells were generated as described in Supplemental
Experimental Methods, and cultured in DMEM (Gibco) supplemented with
Pen-Strep (Gibco), 10% (v/v) FBS (HyClone) and 10 pug/mL Blasticidin (Gibco)
for selection. Transfections were carried out using Lipofectamine 2000 or
Lipofectamine and PLUS reagent (Invitrogen) in Opti-MEM (Gibco), or calcium

phosphate (Clontech) according to the manufacturer's instructions.

Generation of TRIM25-KO HEK293T cells. TRIM25-KO HEK293T cells
were generated according to a previous protocol (Bottcher et al., 2014) but with
the following adaptations for human cells. HEK293T cells, seeded into 24-well
plates, were transfected with 500 ng of a plasmid expressing hCas9, 250 ng of
a dsDNA PCR product expressing a guide RNA (gRNA) directed against the start
codon of  the human TRIM25 gene (targeting sequence:
CCCGACCCCTGGGAGCGCCA) and controlled by the human U6 promoter, and
250 ng of a dsDNA PCR product as a homologous recombination template.
The homologous recombination construct was composed of homologous
sequences to the TRIM25 first exon flanking a cassette consisting of Herpes
Simplex Virus type 1 (HSV-1) thymidine kinase (TK) promoter followed by
a blasticidin resistance gene (BSD). The construct was designed to delete the

first 4 nucleotides including the TRIM25 start codon (details shown in Figure S4)
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in the recombined genome upon insertion of the TK-BSD cassette. Transfected
cells were cultured for 10 days, followed by selection with 10 pg/mL Blasticidin.
Resistant colonies were grown in 6-well plates until confluency. Single cell clones
were isolated using serial dilutions in 96-well plates, propagated and analyzed for
the absence of TRIM25 protein by IB analysis. Furthermore, genomic PCR (HiFi

master mix; Thermo Fisher) confirmed the presence of the cassette.

The gRNA expression construct was generated by KOD (Millipore) PCR
using pLKO.1 (Thermo Fisher) as a template for the human U6 promoter, and
primers for the invariable part of the gRNA (GTTTAAGAGC TATGCTGGAA
ACAGCATAGC AAGTTTAAAT AAGGCTAGTC CGTTATCAAC TTGAAAAAGT
GGCACCGAGT CGGTGC), the specifically TRIM25 targeting part
(TGGAAAGGAC GAAACACCCC CGACCCCTGG GAGCGCCAGT
TTAAGAGCTA TGCTG) and forward and reverse primers (GGAAGAGGGC
CTATTTCCCA TGATTCCTTCAT, GCACCGACTCGGTGCCACT).
The homologous recombination template was also generated by the same
method using the pMH3-GFP vector harboring an insert coding for TK-BSD as
the template. Long primers (Forward: GCTAGGTTTC GTTTCCTCGG
CGGCCTCGGA GCGCGGGTGC AGCAGTTGTG TCCCGACCCC
TGGGAGCGCC AATGAGTCTT CGGACCTCGC GGGGGCCG;
Reverse: GTGACCGGCT CCTTGAAGGG CTCCAGGCAG ATGGAGCACG
ACAGCTCCTC GGCCAGGGGG CACAGCTCTG CATATGTTA GAAACAAATT

TATTTTTAAAG) adding 70 nt homologous sequences to the TRIM25 locus on
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each side of the cassette were used for the PCR. Both constructs were purified

using a column (Omega BioTek) before transfection.
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CHAPTER 4

TRIM25 BINDS RNA TO MODULATE CELLULAR ANTI-VIRAL ACTIVITY

Note: The data described in Figure 6 was generated by Konstantin Sparrer in
the lab of Michaela Gack
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ABSTRACT

TRIM25 is a member of the tripartite motif family of E3 ubiquitin ligases
and regulates in diverse RNA-dependent pathways. Several studies have shown
that TRIM25 is a bona fide RNA binding protein (RBP). However, the impact of
RNA on TRIM25 activity has not yet been defined. In this study, we use purified
TRIM25 proteins in combination with in vitro ubiquitination, gel shift, and
cell-based antiviral assays to determine how RNA binding affects TRIM25
anti-viral activity. We show that RNA enhances TRIM25 E3 ligase activity in vitro,
that multiple TRIM25 structural elements are required for RNA binding, and that
disruption of RNA binding also disrupts TRIM25’s antiviral activity. These results
reveal new insights into how RNA binding may couple TRIM25 E3 ligase activity
with the modulation of other RBPs, such as known TRIM25-interacting proteins

RIG-I and ZAP.
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INTRODUCTION

TRIM25 is a member of the tripartite motif family of E3 ubiquitin ligases
that functions in multiple RNA-dependent pathways. It has been well established
that TRIM25 plays a crucial role in the RIG-I anti-viral pathway, where TRIM25 is
reported to bind viral RNA-activated RIG-l, leading to K63-linked
polyubiquitination of the sensor to promote transcriptional upregulation of type |
interferons (IFNs) (Gack, 2007, 2008). TRIM25 was also shown to be important
for micro RNA processing, which also requires TRIM25’s E3 ligase activity
(Choudhury, 2014;Heikel, 2016). Most recently, TRIM25 was found to be an
essential co-factor for messenger RNA (mRNA) degradation mediated by the
ZAP protein (Zheng, 2017;Li, 2017), which recognizes viral mRNAs with high
CG-dinucleotide content (Takata, 2017). TRIM25 is therefore an attractive model
system for understanding the molecular mechanisms of how a single ubiquitin E3
enzyme is directed to specific cellular pathways to produce distinct biological

outcomes.

The biophysical mechanism of TRIM25’s E3 ubiquitin ligase activity has
now been elucidated. Like a typical TRIM protein, TRIM25 contains an N-terminal
tripartite or RBCC motif, consisting of RING, B-box 1, B-box 2, and coiled-coill
domains. Additionally, TRIM25 has a C-terminal SPRY domain that is required
for recruitment to the RIG-I, ZAP, and RNA processing pathways (Gack,
2007;Gack, 2008;Zheng, 2017;Li, 2017;Choudhury, 2014). The RBCC and SPRY
domains are connected by a linker region (linker 2 or L2), part of which is

integrated with the coiled-coil and likely facilitates functional coupling of these
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structural elements (Sanchez, 2014). The basal oligomeric state of TRIM25 is
a stable dimer mediated by the coiled-coil/L2 regions. This dimerization domain
makes an elongated, anti-parallel scaffold, with the RINGs and B-boxes on
opposite ends and separated by around 170 A, and the SPRY domains
positioned near the middle (Sanchez, 2014). The RING domain harbors the E3
ubiquitin ligase activity of TRIM25, and it is catalytically competent in vitro as an
independent protein. Recent studies have shown that the RING domain engages
E2 conjugating enzymes and catalyzes polyubiquitination as a dimer
(Koliopoulos, 2016;Sanchez, 2016). In context of the full-length TRIM25 dimer,
the two RING domains cannot interact with each other, and RING dimerization
therefore requires higher-order oligomerization or self-association of at least two
coiled-coil mediated TRIM25 dimers. How TRIM25 self-association and RING

activation occurs in a pathway-specific manner in cells is currently unknown.

The simplest model would be that polyvalent protein-protein interactions
between TRIM25 and cellular RNA-binding receptors, such as RIG-I or ZAP,
simultaneously promotes recruitment, RING activation, and polyubiquitination
activity of TRIM25. However, this simple model has been challenged by the
finding that TRIM25 independently binds RNA (Kwon, 2013). Here, we use
biochemical, biophysical, and cell biological approaches to characterize this
interaction and its functional significance for TRIM25’s anti-viral activity. We
found that TRIM25 has a composite RNA binding site with energetically
significant contributions from multiple domains. We also show that TRIM25’s

RNA-binding activity is required for its interaction with the RNA receptor, RIG-I,
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in vitro, and also for its subcellular localization and overall anti-viral activity in
cells. Taken together with other studies, our results support a model wherein
pathway-specific TRIM25 recruitment and activation results from a complex

interplay of both protein-protein and protein-RNA interactions.

RESULTS
RNA binding enhances TRIM25 E3 ligase activity in vitro. Previous

pull-down studies have suggested that TRIM25 is associated with RNA in cells
(Kwon, 2013). We confirmed this RNA-binding activity in the course of purifying
the protein for biochemical studies. Specifically, we found that recombinant
Strep/FLAG-tagged TRIM25 overexpressed in insect cells co-eluted from affinity
columns with large quantities of nucleic acid (Fig. 1). The protein samples were
not very pure (Fig. 1B, left) and had a UV absorbance profile with a peak at 260
nm, with an Axeo/A2so ratio of ~1.9 (Fig. 1C, left). Use of polyethyleneimine (PEI)
precipitation prior to affinity purification significantly reduced both the protein
(Fig. 1B, right) and nucleic acid contaminations, giving an Azeo/A2so ratio of ~0.7
(Fig. 1C, right). Agarose gel electrophoresis confirmed the presence of
significant amounts of nucleic acid in the non-PEl-treated but not the PEl-treated

samples (Fig. 1D).

Interestingly, in vitro ubiquitination assays revealed that the presence of
nucleic acid significantly enhanced the enzymatic activity of TRIM25 (Fig 2A,

compare lane 2 tolane 3 and lane 5 tolane 6). This effect was independent of



Fig. 1. Recombinant TRIM25 co-purifies with nucleic acid.

(A) Affinity purification scheme for Strep/FLAG-tagged TRIM25 expressed
in insect cells.

(B) Coomassie-stained SDS-PAGE gels of TRIM25 fractions after initial
affinity chromatography step.

(C) UV absorbance spectra of pooled protein fractions. Vertical dashed
lines indicate the peak wavelength.

(D) Visualization by agarose gel electrophoresis and SYBR-green staining
of the co-purifying nucleic acid (—PEI) and its removal by polyethyleneimine
treatment (+PEl).
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Fig. 2. RNA enhances TRIM25’s catalytic activity in vitro.

(A) Ubiquitination activities of ~200 nM TRIM25 purified with (lanes 1, 3,
and 6) or without (lanes 2, 4, and 7) PEI precipitation. TRIM25 synthesizes
anchored (self-attached) polyubiquitin (polyUb) chains with 1 uM Ubc5b and
unanchored chains with 0.280 uM Ubc13/Mms2 (Sanchez, 2016). Reactions
contained 100 nM E1, 40 uM Ub, and 5 mM Mg-ATP.

(B) TRIM25 purified in the absence of PEI treatment was pre-incubated with
RNase A (lanes 5 and 9), DNase | (lanes 4 and 8), or buffer control (lanes 3
and 7) prior to setting up ubiquitination assays.

(C) TRIM25 purified with PEI treatment was pre-incubated with 500 ng of
dsRNA (lanes 4 and 8), 500 ng of dsDNA (lanes 5 and 9), or buffer control
(lanes 3 and 7) prior to ubiquitination assays.

(D) TRIM25 purified with PEI treatment was pre-incubated with the indicated
concentrations of 14, 28, or 56 bp dsRNA prior to ubiquitination.
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the E2 conjugating enzyme, and was observed with both Ubc5b (which promotes
in vitro auto-ubiquitination of TRIM25; Fig. 2A, lanes 2-4) and Ubc13/Mms2
(which promotes synthesis of free polyubiquitin chains; Fig. 2A, lanes 5-7).
Incubation of the non-PEl-treated sample with RNase abrogated ubiquitination
in vitro, again in an E2-independent manner (Fig. 2B, lanes 5 and 9), whereas
incubation with DNase had little or no effect (Fig. 2B, lanes 4 and 8). This result
confirmed that the co-purifying nucleic acids were indeed RNA. Conversely,
incubation of PEl-treated samples with dsRNA significantly enhanced in vitro
ubiquitination (Fig. 2C, lanes 4 and 8). Incubation with dsDNA also enhanced
activity, but to a lesser extent (Fig. 2C, lanes 5 and 9); this result likely reflects
the commonly observed non-specific interaction of RNA-binding proteins with
DNA in vitro. Since the enzymatic activity of TRIM25 requires higher-order
oligomerization of the coiled-coil-mediated dimers to allow for RING domain
dimerization (Koliopoulos, 2016; Sanchez, 2016), a simple model for
RNA-induced ubiquitination in vitro is through clustering of TRIM25 molecules.
Typical dsRNA-binding proteins have a footprint of around 12-16 bp, and indeed,
14-bp dsRNA did not enhance the ubiquitination activity of PEl-treated TRIM25,
whereas 28-bp and 56-bp dsRNA did (Fig. 2D). Thus, dsRNA promotes in vitro
self-association of TRIM25 and RING domain activation, provided that the RNA

is of sufficient length to bind more than one coiled-coil-mediated TRIM25 dimer.

RNA binding requires a lysine-rich motif in the L2 linker. Unlike
full-length TRIM25, we found that a construct spanning the RBCC domain (amino

acid residues 1-379) did not co-purify with nucleic acid, as evidenced by a low
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Azso/A2go ratio after affinity purification without PEI treatment (Fig. 3A).
Correspondingly, the in vitro ubiquitination activity of this RBCC construct was
insensitive to added dsRNA (Fig. 3B, compare lanes 3 and 4; WT control,
compare lanes 1 and 2). (Note that the ubiquitination experiment was performed
with Ubc13/Mms2 to preclude having to account for differences in the number of
potential lysine acceptors). Extension of the RBCC domain identified a lysine-rich
sequence in the L2 linker that connects the coiled-coil and SPRY domains
(3s1KKVSKEEKKSKK392, hereafter termed ‘7K motif’), the presence of which
resulted in elevated Azeo/A2so ratios in the affinity-purified fractions (Fig. 3A,
constructs 1-401, 1-409, and 1-435). Interestingly, the TRIM25 7K motif
resembles a segment in ribosomal protein S30 (1sKVAKQEKKKKK2g), in which
the lysine sidechains mediate ionic contacts with the phosphodiester backbone of
18s ribosomal RNA (Anger, 2013). We therefore surmised that the TRIM25 7K
motif might directly contact the bound RNA, and indeed alanine substitution of all
7 lysines in context of full-length TRIM25 (TRIM25 7KA) resulted in a low
Aos0/A2g0 ratio even in the absence of PEI precipitation (Fig. 3A). Consistent with
this result, the ubiquitination activity of the purified 7KA mutant protein did not
respond to dsRNA to the same extent as wildtype (WT) TRIM25 (Fig. 3C,
compare lanes 3 and 4; WT control, compare lanes 1 and 2). However,
dsRNA-dependent ubiquitination was still observed for the 7KA protein, indicating

that this mutant still retained some ability to bind RNA (see also below).

To confirm that TRIM25 binds RNA directly, we performed SEC-MALS

(size exclusion chromatography coupled with multi-angle light scattering)
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Fig. 3. Identification of the 7K motif that mediates TRIM25 binding
to RNA.

(A) Schematic of TRIM25’s domain organization and summary of constructs
used to map the RNA binding site. Observed Aso/A2s0 UV absorbance ratios
with and without PEI treatment are indicated. The lysine-rich sequence
spanning residues 381-392 is highlighted. Abbreviated domain names:
B1 = B-box 1; B2 = B-box 2; CCD = coiled-coil dimerization domain.

(B-C) Ubiquitination activities of the indicated constructs (lanes 3 and 4) in the
presence or absence of 1 mM 28-bp dsRNA, along with corresponding WT
control assayed in parallel (lanes 1 and 2).

(D-E) SEC-MALS analysis of the indicated TRIM25 constructs prior to (blue)
and after incubation with 56-bp dsRNA (red). Curves show the refractive index
of the eluting species normalized to the peak intensity. Open circles indicate
calculated molecular weights in kDa.

(F) SEC-MALS profile of the RNA alone, shown for reference.
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experiments, which allow direct measurements of particle mass, complex
formation, and sample homogeneity. In control experiments, purified WT TRIM25
eluted in the absence of added RNA as a single major peak with a measured
mass consistent with a dimer (Fig. 3D, blue curves; calculated mass from
sequence = 2 x 75 kDa = 150 kDa). In the presence of an equimolar ratio of
56-bp dsRNA, the major peak did not significantly change in elution position
(indicating that the particle shape did not change considerably from the
elongated dimer of the protein alone), but now had a mass increase of ~70 kDa
(Fig. 3D, red curves), which is equivalent to two 56-bp dsRNA molecules
(Fig. 3F). Thus, TRIM25 bound to dsRNA at a 1:1 molar ratio in this experiment.
In contrast, the 7KA mutant had the same population-averaged mass in the
absence (Fig. 3E, blue) and presence (Fig. 3E, red) of dsRNA, confirming that
this protein was significantly deficient in RNA binding in vitro. Importantly, our
results also indicated that the 7KA mutations had no effect on the structure of the
TRIM25 dimer, or on the fundamental biophysical mechanism of RING E3 ligase
activation. These experiments provide proof, using biochemically pure reagents,

that TRIM25 indeed binds RNA.

RNA binding requires the SPRY domain. The above experiments
revealed that the 7KA mutation did not completely abolish the ability of TRIM25
to interact with RNA and that the SPRY domain also contributed to RNA binding.
To explore this further, we used an electrophoretic mobility shift assay (EMSA) to
quantify TRIM25’s RNA binding activity in vitro. In this experiment, 250 nM of

fluorescently-tagged 28-bp dsRNA was incubated with different concentrations of
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purified TRIM25 proteins (0-10 uM), and then the free and TRIM25-bound RNA
fractions were separated on a native polyacrylamide gel and quantified by
densitometry. In control experiments with full-length WT TRIM25, the gel scans
gave the appearance of an all-or-none or highly cooperative binding mechanism
(Fig. 4A, WT). However, this conclusion was not fully supported by the data
because the TRIM25/RNA complexes did not enter the gel and the homogeneity
of the bound fractions cannot be rigorously established. We therefore estimated
the amounts of bound RNA through densitometric quantification of the unbound
RNA bands, and performed curve fitting to a simple binding isotherm
(see Materials and Methods for details). This revealed that TRIM25 bound to
28-bp dsRNA with a dissociation constant (Kq) of 0.26 uM (Fig. 4B, blue and
Table 1). Consistent with our purification data, the RBCC domain alone (residues
1-379) did not bind the RNA (Fig. 4A, RBCC). The 7KA mutant retained some
RNA-binding activity, but with about 20-fold loss in affinity (Kq = 4.9 uM) (Fig. 4A,
7KA mutant; Fig. 4B, red; and Table 1). Interestingly, the lysine-rich peptide
alone (Fig. 4A, 7K peptide) also did not bind RNA. This result demonstrated that
the TRIM25 7K motif does not constitute an independent RNA-binding element.
Our interpretation of these data is that the presence of the SPRY domain is
required for the 7K motif to adopt the appropriate structural configuration for

binding RNA.

TRIM25 binds RNA through multiple structural elements. Given the
apparent requirement for both L2 and SPRY regions, we performed EMSA

experiments on a series of TRIM25 constructs and full-length mutants to more
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Fig. 4. Mapping of TRIM25 RNA binding elements.

(A) Electrophoretic mobility shift assays with 0.5 uM of 28 bp fluorescent
dsRNA oligo incubated with 0, 0.05, 0.08, 0.12, 0.17, 0.26, 0.39, 0.59, 0.88,
1.32, 2.0, 3.0,4.4,7.0, and 10 uM of TRIM25 WT, ASPRY, 7KA mutant, or 7K
peptide, which is an 18-mer peptide containing the lysine-rich sequence.
Migration positions are indicated for unbound oligo and bound complexes,
which did not enter the gel.

(B) Unbound fractions were quantified by densitometry and used to estimate
the bound fractions, which were plotted as a function of total TRIM25
concentration. Curves indicate best fits to a standard binding isotherm.

(C-D) Assays with the indicated TRIM25 constructs and mutants.

(E) Diagram of the TRIM25 dimer, with locations of elements that contribute
significantly to RNA binding indicated in blue.
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Table 1. RNA binding affinities of TRIM25 constructs.
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Protein construct Residues Ka (pM) :fefliitiit\;g coe::lfiilzlien t
WT 1-630 0.26 +0.03° 1.00 1.44 £ 0.10
7KA mutant 1-630 4.89 +0.03 0.05 1.73+£0.24
ASPRY 1-379 no binding
7K peptide 379-394 no binding
CCD 189-379 no binding
CCD+7K 189-409 no binding
CCD-SPRY 189-630 0.11 +0.02 2.36 2.24 +0.04
SPRY 410-630 347 +1.17 0.07 1.73+£0.92
CCD-SPRY R226/269A 189-630 0.45+0.18 0.58 1.31+£0.10
CCD-SPRY R541/544A 189-630 0.27 +0.02 0.96 2.50 £ 0.55
CCD-SPRY R494/535A 189-630 0.22 +£0.03 1.18 1.28 £ 0.07
CCD-SPRY R567/604A 189-630 0.47 +0.17 0.55 1.54 £ 0.20

aCompared to WT.

b Average values and standard deviations were calculated from at least three

independent trials.
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fully delineate the elements that contribute to TRIM25’s RNA binding activity
in vitro (Fig. 4C-D; results are summarized in Table 1). These experiments
revealed that: (1) the RING and B-box 2 domains were not required for RNA
binding, and indeed may even act inhibitory because deletion of both domains
enhanced RNA-binding affinity by 2-fold; (2) the coiled-coil/lL2 dimerization
domain did not independently bind to RNA in the absence of the 7K motif, but
alanine substitutions for exposed arginine residues (Arg226 and Arg229) in this
domain in context of full-length protein resulted in 2-fold loss of affinity; (3) the
isolated SPRY domain had independent, but weak RNA binding activity
(Kg = 3.5 uM); and (4) alanine substitution of SPRY residues Lys567 and Arg604
in context of full-length TRIM25 also resulted in 2-fold loss of RNA binding. Thus,
our aggregate data indicated that both the 7K motif in the L2 linker and the SPRY
domain provide direct contacts to the bound RNA and are required for full-affinity
binding. These elements circumscribe a region in the middle of the TRIM25
dimer, which in other TRIM proteins have been found to mediate interactions
between their SPRY and coiled-coil domains (Weinert, 2015;Roganowicz, 2017)
(Fig. 4E). We therefore speculate that binding to RNA is likely to have significant
impact on the structural juxtaposition of the SPRY domain and RBCC dimer

scaffold, and hence on mechanistic coupling of SPRY and RBCC functions.

TRIM25 preferentially binds RNA over DNA. We have not found
evidence for sequence-specific binding by TRIM25 as yet, but did observe
a clear preference for RNA over DNA in EMSA experiments. Pre-formed

complexes of TRIM25 and fluorescently-labeled dsRNA were incubated with
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unlabeled dsRNA, ssRNA, dsDNA, and ssDNA (all of the same lengths and
sequence), and displacement of the labeled probe was quantified by
polyacrylamide gel electrophoresis and densitometry (Fig. 5). Results showed
that unlabeled ssRNA displaced about half the amount of labeled probe
displaced by dsRNA, when compared on a molar basis. Since dsRNA has twice
the number of strands as ssRNA, this result indicated that ssRNA was as
competent as dsRNA in binding TRIM25 on a per-strand basis. In contrast,
dsDNA displaced about 10-fold less probe compared to dsRNA, and ssDNA
displaced also about half less than dsDNA. Thus, TRIM25 can bind both dsRNA

and ssRNA in vitro and preferentially binds both forms of RNA over DNA.

RNA binding is required for TRIM25’s overall anti-viral activity. Our
collaborators, the Michaela Gack group at the University of Chicago, next tested
whether TRIM25’s RNA-binding ability is required for its anti-viral function. To this
end, they reconstituted TRIM25-knockout (KO) HEK293T cells (Sanchez, 2016)
by transfection with either empty vector, FLAG-tagged WT TRIM25, or the 7KA
mutant. Results showed that WT TRIM25, but not the 7KA mutant, effectively
suppressed replication of dengue virus, as monitored by expression levels of the
viral prM protein in the infected cells (Fig. 6A). Specifically, dengue prM was
expressed in only 15% of TRIM25 knock-out HEK293T cells that were
reconstituted with WT TRIM25, but in more than 30% of cells reconstituted with
the 7KA mutant or vector only control. The Gack lab also tested replication of
influenza A virus (IAV) in reconstituted TRIM25-KO cells by measuring the

abundance of the IAV non-structural protein 1 (NS1) in the whole cell lysates
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Fig. 5. Competition binding experiments.

(A) The indicated concentrations of unlabeled competitor 28 bp oligos were
incubated with 0.5 uM of TRIM25 in complex with fluorescent 28 bp RNA and
electrophoretic migration of the fluorescent probe was analyzed.

(B) The amounts of fluorescent probe displaced by 5 uM competitor were
quantified and plotted.
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Fig. 6. RNA binding is important for TRIM25’s ability to inhibit virus
replication.

(A) TRIM25-KO HEK293T cells were transiently transfected with either empty
vector, or FLAG-tagged TRIM25 WT or the 7KA mutant, infected with dengue
virus, and then stained for the viral prM protein. Percentage of prM-positive
cells were determined by flow cytometry.

(B) Cells were infected with influenza A virus (H1N1 PR8, MOI 0.5), and then
immunoblotted with anti-NS1 to determine expression levels of the viral NS1
protein. For both viral assays, whole cell lysates (WCLs) were further
immunoblotted with anti-FLAG antibody to confirm expression of TRIM25 WT
and 7KA proteins. Actin was used as loading control.
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(WCLs) of infected cells through immunoblotting (Fig. 6B). This showed reduced
NS1 protein levels in TRIM25-KO cells complemented with WT TRIM25 as
compared to vector-transfected control cells. In contrast, cells reconstituted with
the 7KA mutant had comparable NS1 protein expression levels as
vector-transfected control. Consistent with these results, IAV titers in the
supernatants of WT TRIM25-expressing cells were reduced, while cells
reconstituted with the 7KA mutant had similar titers as cells reconstituted with
empty vector (Fig. 6C). We conclude that the RNA-binding ability of TRIM25 s,

indeed, important for its overall anti-viral activity.

DISCUSSION

TRIM25 functions in multiple RNA-dependent ubiquitination mechanisms,
and was previously identified in an unbiased screen as an RNA-binding protein.
Our studies provide biochemical proof, using purified components, that TRIM25
indeed directly binds to RNA with high affinity. Interestingly, our results show that
multiple structural elements mediate TRIM25’s RNA binding activity. In vitro
binding experiments combined with mutagenesis showed that the SPRY and L2
linker regions are essential for high affinity binding, and that additional contacts
may also be provided by the coiled-coil domain. In other TRIM proteins, the L2
linker has been shown to facilitate structural and mechanistic coupling of the
SPRY and RBCC regions, and we therefore propose that RNA binding to likely
modulates this functional coupling in TRIM25. Interestingly, the requirement for

TRIM25 in both the anti-viral and RNA processing pathways have been shown to
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be SPRY domain-dependent (Gack, 2007;Zheng, 2017;Li, 2017;Choudhury,
2014). Since the SPRY domain is also absolutely required for RNA binding, our
results therefore indicate that the reported SPRY-dependent interactions may in
fact be RNA-bridged interactions. We also found that, at least in vitro, RNA can
promote higher-order oligomerization of TRIM25 and activation of its RING
domain. Since TRIM25 appears to bind RNA promiscuously in the cell (Kwon,
2013; Choudhury, 2017), this raises the question of how TRIM25’s ubiquitination
activity is suppressed in the cell, because uncontrolled polyubiquitin synthesis is

presumably harmful and needs to be avoided.

RNA binding by TRIM25 could facilitate pathway-specific ubiquitination by
promoting dual recognition of RNA signals. In the simplest model, TRIM25 could
function as a co-receptor that binds the same RNA molecule as the primary
receptor, for example by co-binding to 5’-triphosphorylated viral RNA in the RIG-I
pathway. We are currently performing experiments to determine whether or not
TRIM25 and RIG-I are able to form a supercomplex on in vitro synthesized 5’ ppp
dsRNA of increasing lengths. Our data so far demonstrate that TRIM25
preferentially binds to free RNA rather than RIG-I bound RNA (data not shown).
These results suggest that TRIM25 is not a co-receptor for the same RNA as
RIG-I, and that modification of RIG-I may occur in trans from TRIM25 bound to

a separate RNA molecule.

Recent studies showed that activation of RIG-I by viral RNA induces its
co-localization with TRIM25 into punctate stress granules (Sanchez-Aparicio,

2017). Anti-viral stress granules form as a collection of viral and host RNAs
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along with many interferon-stimulated genes and RNA binding proteins. We
therefore speculate that RNA-binding may be part of an anti-viral stress granule
localization signal for RIG-I and TRIM25. Once co-localized, TRIM25 and RIG-I
may then act as co-receptors for the same RNA molecule. The induced
proximity of RNA-bound and conformationally active RIG-I and TRIM25 may
allow for the coordinated exposure of the RIG-I and TRIM25-mediated

polyubiquitination of the RIG-1 2CARD, leading to an IFN response.

Furthermore, whether the co-receptor model holds true for other
TRIM25-mediated pathways remains to be established. In this regard, TRIM25
was also recently implicated in the ZAP pathway, which induces degradation of
CG-rich viral mRNAs (Zheng, 2017;Li, 2017;Takata, 2017). Notably, TRIM25’s
cellular RNA binding activity was initially reported in a study to identify mRNA
binding proteins in the absence of viral infection (Kwon, 2013). It is therefore
possible that TRIM25 is promiscuously but benignly associated with cellular
mRNA, and that additional ZAP binding somehow triggers ubiquitin-dependent
signaling to degrade the CG-rich subpopulation. However, it is not yet clear
whether or how TRIM25’s ubiquitination activity regulates ZAP, with some
studies showing an absolute requirement for the RING domain and others not
(Zheng, 2017;Li, 2017). Interestingly, ZAP is also reported to localize to RNA
granules where it recruits deadenylase and exonuclease complexes, as well as
MRNA decapping enzymes (Lee, 2013;Turner, 2014). In human cells, a variant

of ZAP is reported to functionally associate with RIG-I (Hayakawa, 2011),
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suggesting the possibility that TRIM25’s overall anti-viral activity may in fact

reflect an intersection of the RIG-l and ZAP pathways.

In summary, our studies define how TRIM25 binds to RNA and how this
binding activity can promote both enzymatic activation of TRIM25 and
interactions with RNA receptors in vitro. We also found that RNA binding is
important for TRIM25 localization into cytoplasmic stress granules in cells. RNA
binding by TRIM25 therefore imparts dual functionality to this protein, both of
which are likely important for regulation of anti-viral and RNA processing

mechanisms.

METHODS

Protein preparation. Full-length human TRIM25 was expressed using
a baculovirus system and purified as described previously (Sanchez, 2016).
In brief, clarified cell lysates were treated with PEl to remove nucleic acid
contamination, and the Strep/FLAG-tagged protein was purified on a StrepTactin
resin (GE Healthcare) and then on a Superdex 200 gel filtration column
(GE Heathcare). The following protein constructs were expressed and purified in
a similar manner: RBCC constructs spanning residues 1-379, 1-401, and 1-435,
and the full-length 7KA mutant. Nucleic acid-contaminated protein used for
experiments in Fig. 2 were also purified similarly, except that the PEI

precipitation step was omitted.
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CCD constructs were expressed in E. coli as SUMO-fusion proteins and

purified as described previously (Sanchez, 2014).

CCD-SPRY and SPRY were also expressed in as SUMO-fusion proteins.
Cell pellets were resuspended in lysis buffer (20 mM Tris pH 8, 150 mM NaCl,
1 mM TCEP, 20 mM imidazole pH 8, 20 U/mL Benzonase (Sigma-Aldrich), and
1 tablet EDTA-free protease inhibitor) and lysed by a microfluidizer. Proteins
were purified by a combination Ni-NTA affinity, Source 15Q ion exchange, and
size exclusion chromatography into the final buffer (20 mM Sodium Phosphate

pH 8, 100 mM NaCl, 1 mM TCEP).

RIG-I was expressed from a pET50b plasmid and purified as described in
(Peisley, 2013). In brief, cell pellets were resuspended in lysis buffer (50 mM
Sodium Phosphate pH 8.0, 300 mM NaCl, 10% glycerol, 0.2% NP-40, 20 mM
imidazole pH 8.0, 1000 U/50 mL Benzonase (Sigma-Aldrich), and 1 tablet
EDTA-free protease inhibitor) and lysed by a microfluidizer. The protein was
purified by a combination of Ni-NTA affinity, heparin affinity and size exclusion
chromatography (SEC) in SEC buffer (20 mM Hepes, pH 7.5, 150 mM NaCl and
2 mM DTT). The NusA tag was removed by overnight cleavage with HRV 3C

protease at 4 C prior to heparin affinity chromatography.

Ubiquitination assays. TRIM25 constructs were incubated at 37 C with
E1 (100 nM), E2 (1 mM Ubc5b or 0.28 mM Ubc13/Mms2), and ubiquitin (40 uM)
in buffer (50 mM Tris, pH 7.5, 150 mM NacCl, 0.5 mM TCEP, 5 mM ATP, 10 mM

MgCl2). Reactions were stopped by addition of SDS-PAGE sample buffer and
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boiling for 10 min. Immunoblots were performed with anti-Ub (1:2,000; P4D1,
Santa Cruz Biotechnoogy), and anti-FLAG M2 (1:5,000; Sigma). Experiments in
Fig. 2 used RNase A (Qiagen), DNase | (Sigma), dsRNA ladder (NEB), and

100-bp dsDNA ladder (NEB).

SEC-MALS. These experiments were performed as described previously

(Sanchez, 2016).

EMSA. The fluorescent dsRNA used in EMSA and competition
experiments (Integrated DNA Technologies) contained a 28 bp duplex with
a 5 IRDye 800CW fluorophore. For EMSAs used to evaluate RNA binding,
individual TRIM25 constructs were incubated with 250 nM fluorescent RNA
ligand for 30 min on ice in binding buffer (25 mM HEPES pH 7.5, 150 mM NaCl,
1 mM TCEP, 5% glycerol, 0.3 mg/ml BSA) at concentrations ranging from 0 nM
to 10 uM. After incubation, 5 uL of each sample was run on a 6% 0.5x TBE for 30
min at 50 V. The RNA was imaged on a Licor Odyssey Classic infrared scanner.
The fraction unbound RNA bands were quantified with the Licor Image StudioL.ite
software for each protein concentration and plotted as fraction RNA bound vs
protein concentration. The data was fit to a simple binding isotherm model, using
the equation:

[TRIM25]"
Kd" + [TRIM25]»

fraction bound =

, where Kd = dissociation constant and n = Hill coefficient.
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RNA competition assay. To evaluate TRIM25 binding specificity to RNA
or DNA, the 5’ IRDye 800 28mer dsRNA (250 nM) was saturated with TRIM25
(4 uM), as guided from our EMSA experiments. Non-fluorescent competitors at
1 uM or 5 puM, with the same nucleotide sequence (Integrated DNA
Technologies), were then added to the reaction mix and allowed to incubate on
ice for an additional 30 minutes. Samples were resolved on a 6% 0.5x TBE gel
for 30 min at 50V. The fraction of displaced fluorescent RNA was imaged on
a Licor Odyssey Classic infrared scanner. The displaced RNA was quantified
with the Licor Image StudiolLite software and plotted as band intensity of

unbound probe vs competitor.

Viral infection assays. TRIM25-KO HEK 293T cells, seeded into 12-well
plates (~5 x 10° cells/well), were transfected with 2 ug of pCMV empty vector or
the indicated FLAG-tagged TRIM25 constructs using linear polyethylenimine
(PEI) (1 mg/mL solution in 20 mM Tris pH 6.8; Polysciences), according to the
manufacturer’s instructions. At 24 h post-transfection, cells were infected with the
indicated viruses. For DenV replication experiments, cells were infected with an
MOI of 4 of DENV (strain 16681, serotype 2) in serum-free medium (OPTI-MEM,
Life Technologies). After 2 h, medium was replaced with supplemented DMEM.
At 24 h post-infection, cells were harvested and stained for DenV prM protein via
flow cytometry as previously described (Chan, 2016). Briefly, cells were washed
once in phosphate-buffered saline (PBS) and then fixed in 1% (w/v)
paraformaldehyde (PFA, in PBS) for 30 min, followed by permeabilization in

0.1% saponin (in 2% FBS in PBS) for 30 min. Cells were incubated for 1 h with
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anti-prM (2H2, Merck Millipore) conjugated to DyLight 633 using a commercial kit
(Thermo Scientific). Cells were washed twice with PBS, re-suspended in 1% PFA
(wlv) (in PBS), and then analyzed on a BD LSRII. Analysis was performed using
FlowJo software. For experiments with 1AV, TRIM25-KO HEK 293T cells were
infected with 1AV (PR/8/1934(H1N1)) at the indicated MOI. At the indicated times
post-infection, cells were lysed in NP-40 buffer (150 mM NaCl, 1% NP-40,
50 mM HEPES, pH 7.4, supplemented with protease inhibitors). Cell debris was
pelleted by centrifugation at 13,000 rpm for 20 minutes at 4 °C. WCLs were
mixed with 6x Laemmli loading buffer and heated at 95°C for 5 min. Protein

expression of IAV NS1 was determined by immunoblotting using anti-NS1.
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CHAPTER 5

SUMMARY AND FUTURE PERSPECTIVES
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SUMMARY

The importance of TRIM25 in cellular anti-viral defense is highlighted by
findings that viruses, such as influenza and dengue, have evolved mechanisms
to suppress innate immunity by specifically targeting and disrupting TRIM25
function (Gack et al. 2009; Manokaran et al. 2015). This dissertation describes a
series of detailed structure-function studies to answer important questions on
oligomerization and assembly of TRIM25 and the TRIM family of proteins; how
assembly of TRIM25 regulates its E3 ligase activity; and how the
polyubiquitination and RNA binding activities of TRIM25 facilitate its anti-viral
function.

In Chapter 2, we describe the TRIM25 coiled-coil structure, which is the first
example from the entire TRIM protein family. This study elucidated the
fundamental oligomeric state of the TRIM family of proteins, and established the
structural framework of TRIM protein function. The structure revealed that the
TRIM25 coiled-coil forms an elongated antiparallel dimer. Our biophysical
analysis demonstrated that the coiled-coil is dimeric even at nM concentrations,
establishing that the basal oligomeric state of TRIM25 is a dimer. These data
further revealed that in the full-length TRIM25 dimer, the two N-terminal catalytic
RING domains are separated by the length of the coiled-coil, sterically hindering
any potential RING/RING interactions within the dimer. Additionally, the fold-
back configuration of the subunits places the substrate-binding SPRY domains at

a central location of the TRIM25 dimer.
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We also found within the coiled-coil structure a distinctive pattern of heptad
and hendecad repeats of hydrophobic residues. The stability of the dimer
requires two central hydrophobic residues (Tyr245 and Leu252). These residues
perhaps comprise a “trigger site” that nucleates coiled-coil formation.
A “structure-to-sequence” analysis revealed that the pattern of heptad and
hendecad repeats is conserved within many other TRIM proteins, despite their
highly divergent coiled-coil sequences. We then demonstrated the conservation
of the antiparallel coiled-coil within a distantly related TRIM, TRIM5al] These
data suggested that other TRIM proteins share the same tertiary and quaternary
structure as TRIM25, which has since been confirmed by other groups (Y. Li et al.
2014; Goldstone et al. 2017; Weinert et al. 2015).

In Chapter 3, we describe a second TRIM25 dimerization site, found within
a RING/RING interface, and the importance of TRIM25 higher-order
oligomerization for E3 ligase activity. Previously published studies demonstrated
that TRIM25 modified RNA-activated RIG-I with K63-linked polyubiquitin chains
(Gack et al. 2007). However, the mechanism by which TRIM25 carries out RIG-|
modification was not yet determined. This study filled in important gaps in our
understanding of how the RIG-I pathway is regulated to avoid the harmful
consequences of runaway signaling.

We demonstrated that Ubc13/Uev1a is the only E2 conjugating enzyme
able to synthesize K63-linked polyubiquitin chains in vitro when combined with
TRIM25 RING. Our structural and biochemical analysis of the TRIM25 RING in

complex with ubiquitin-conjugated Ubc13 revealed that TRIM25 requires RING
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dimerization for catalytic activity. We concluded that TRIM25 tetramerizes
through the combination of the two distinct oligomerization sites within the RING
and coiled-coil domains. Disruption of TRIM25 tetramerization, using the RING
dimer-disrupting mutants L69A and V72A, leads to a significant decrease in
TRIM25-mediated anti-viral activity against influenza virus. Interestingly,
mutations that disrupt coiled-coil dimerization in vitro (Y245A and L252A) have
relatively little effect on TRIM25 anti-viral activity, suggesting that the coiled-coil
is significantly more stable inside the cell.

The TRIM25 substrate, RIG-I 2CARD, is well characterized to form a “lock
washer” tetramer for MAVS activation (Peisley et al. 2014). We found that the
ubiquitin-stabilized 2CARD tetramer enhances TRIM25’s E3 ligase activity in
vitro, likely through aiding TRIM25 tetramerization. These results suggested to
us a mutually productive activation of TRIM25 and RIG-| tetramerization through
complementary oligomerization. We believe that this mechanism helps to define
the fidelity of RIG-I signaling.

In Chapter 4, we describe how RNA enhances TRIM25 E3 ligase activity as
well as TRIM25-dependent anti-viral activity. Together with published studies
(Kwon et al. 2013; N R Choudhury et al. 2014; Nila Roy Choudhury et al. 2017),
this work now establishes TRIM25 as an RNA binding protein. However, the
TRIM25 RNA binding domain was not yet well characterized. We first
demonstrated that RNA binding enhances TRIM25 E3 ligase activity in vitro, and
then mapped the RNA-binding site to a lysine rich region within the Linker 2 (L2)

region. Further analysis revealed that TRIM25 RNA binding is an orchestrated
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event, requiring multiple TRIM25 structural elements, including the coiled-coil, L2,
and SPRY. Viral infection assays demonstrated that RNA binding is required for
TRIM25’s overall anti-viral activity. Interestingly, the requirements for TRIM25
anti-viral and RNA processing pathways have been shown to be SPRY
dependent. Since we demonstrated the SPRY domain is required for RNA
binding, there is a possibility that reported SPRY-dependent interactions may in
fact be RNA-bridged interactions.

In summary, our collective data demonstrate that the coiled-coil and RING
domains of TRIM25 constitute two separate oligomerization sites. The basal
oligomeric state of TRIM25 is a catalytically inactive dimer, mediated by the
coiled-coil domain. Further oligomerization of TRIM25 through the RING
domains, promoted by interactions with an E2 protein and ubiquitin and by
interactions with substrate, forms a catalytically active tetramer. The formation of
this tetramer may also be promoted by assembly onto an RNA strand mediated
through coiled-coil, L2, and SPRY residues. Disruption of TRIM25
tetramerization or RNA binding activity abrogates cellular antiviral activity. These
studies therefore provide important mechanistic insights on how TRIM25 helps to

defend the cell from viral infections.

FUTURE PERSPECTIVES
TRIM25 anti-viral activity was initially identified through its modification of
RIG-I with K63-linked polyubiquitin chains (Gack et al. 2007). In this signaling

mechanism, RIG-I recognition of viral RNA exposes its N-terminal 2CARD,
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followed by TRIM25 modification of the 2CARD. The polyubiquitin chains
stabilize the “lock washer” configuration of 2CARD, which then serves as a
nucleation site for the formation of a prion-like MAVS filament (Peisley et al.
2014; Wu et al. 2014). Current models of the TRIM25 and RIG-I interaction
invokes either direct interactions between the RIG-I 2CARD and the TRIM25
SPRY domain, or indirect, RNA-mediated interactions between RIG-| and
TRIM25. We have now performed extensive biochemical tests of these models,
and have found that the TRIM25 SPRY domain does not significantly bind the
RIG-1 2CARD, and that in competition experiments, TRIM25 preferentially binds
free RNA over RNA-bound RIG-I (data not shown). These results do not support
either model. Instead, it appears that TRIM25 and RIG-I may bind to separate
RNA molecules and RIG-I modification occurs in frans. For this to occur,
activated RIG-I and TRIM25 must be in close proximity to one another.
Proximity-induced interaction appears to occur when viral RNA-bound RIG-I and
TRIM25 co-localize in anti-viral stress granules, which are cytosolic sites with an
enriched concentration of viral RNA and RNA binding proteins (Sanchez-Aparicio
et al. 2017). Future studies should be directed at determining how RNA

modulates TRIM25 and RIG-I interactions within these cytoplasmic granules.

TRIM25 is also required for the anti-viral activity of ZAP (M. M. H. Li et al.
2017; Zheng et al. 2017), which provides a different mechanism of viral
restriction than RIG-l. ZAP promotes the degradation of viral mMRNAs, resulting
in translational inhibition of viral proteins (Gao 2002; MacDonald et al. 2007;

Takata et al. 2017). Our preliminary data demonstrate that RNA also mediates
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the interactions between ZAP and TRIM25. Interestingly, ZAP has an inhibitory
effect on TRIM25 ubiquitination activity in vitro. This suggests that RIG-I and
ZAP differentially modulate the E3 ligase activity of TRIM25. Future studies are
required to reveal the importance of reducing TRIM25 E3 ligase activity for ZAP-

mediated viral restriction.
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APPENDIX 1

ZAP STUDIES AND ZAP INFLUENCE ON TRIM25

Note: The data described in this text was generated by Katarzyna Zawada
and Jacint Sanchez in the lab of Owen Pornillos and Barbie Ganser-Pornillos
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INTRODUCTION

This appendix summarizes unpublished data encompassing efforts to
structurally and biochemically characterize full-length ZAP, individual ZAP
domains and their influence on TRIM25 E3 ligase activity. This study has been

a cooperative project between Katarzyna Zawada and myself.
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Appendix 1.1, Expression and purification of ZAP constructs

We purified ZAPL (aa 1-902) and ZAPS (aa 1-723), as well as the WWE

(aa 498-723) and WWE-PARP (aa 498-902) domains to mimic the differences
between the two isoforms (Fig 1)

1.

o

N o

11.

12.

13.

14.

15.

Grow freshly transformed cells by autoinduction.

Lysis conditions: 50mM phosphate pH8, 100mM NaCl, 5% glycerol, 1TmM
TCEP, 0.2M (NH4)2S04, 1 tablet complete EDTA free (protease inhibitor),
0.5ml PMSF, 0.75ml 100% TritonX, ddH20 till around 40ml (dilute till 50ml
in the microfluidizer).

Lyse cells in microfluidizer — pass them through 2x.

Centrifugation 45 000xg, 30min, 4°C.

Transfer supernatant to clean beaker with stirrer (everything on ice) and do
PEI precipitation:

Add 560ul 9% PEI pH8 dropwise to 50ml protein solution.

Stir on ice for 20min.

Centrifugation 20 000xg, 20min, 4°C.

Prepare Ni gravity column:

Wash Ni resin with ddH20 and with Lysis Buffer

Add supernatant from PEI precipitation to prepared Ni beads

Rock for about 20min at 4°C.

Let the protein solution flow through the beads 2x.

Wash beads:

2x20ml & 1x10ml Lysis Wash Buffer

1x5ml High Salt Buffer

1x15ml Low pH Wash Buffer

Elution:

Elution in 4 steps: 3ml, 4ml, 3ml and 3ml of Elution Buffer.

IMPORTANT — Add some extra phosphate to freshly eluted fractions (to

40mM).

Dialysis of eluted fractions overnight against: 20mM phosphate pH8, 75mM
NaCl, 10mM imidazole, 1mM TCEP

- Add 25ul ULP1 to dialyzed protein solution — cutting TAG

Second Nickel:

Prepare 3ml Ni resin (wash with ddH20 and Dialysis Buffer)

Run protein with cut tag through the beads 5 times

Perform wash with 30mM imidazole (protein still binds to beads a little even
without the tag)

Dilute fractions with ZAP 3x with Buffer A and run SourceQ column

- ZAP does not bind to the column and comes out already pure!

Concentrate protein and run on S75 Column in: 20mM Tris pH8, 100mM
NaCl, 1mM TCEP
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- Instead of running S75 you can also dialyze ZAP into 20mM Tris pHS8,
100mM NaCl, 1mM TCEP and concentrate after that for further
analysis/crystallization.

BUFFERS for 15t Nickel:
Lysis Wash Buffer

- 20mM phosphate pH8, 100mM NaCl, 20mM imidazole, 1mM TCEP
High Salt Wash Buffer

- 20mM phosphate pH8, 500mM NaCl, 1mM TCEP
Low pH Wash Buffer

- 20mM phosphate pH7.5, 100mM NaCl, 20mM imidazole, 1mM TCEP
Elution Buffer

- 20mM phosphate pH8, 100mM NaCl, 400mM imidazole, 1mM TCEP

Source15Q column buffers
Buffer A
- 20mM phosphate pH8, 1mM TCEP
Buffer B
- 20mM phosphate pH8, 1M NaCl 1mM TCEP
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Figure 1
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Appendix 1.2, ZAPL and ZAPS reduce TRIM25 E3 ligase activity

In this experiment we wanted to test whether ZAP has any influence on
TRIM25’s E3 ligase activity. The first experiment is a ubiquitylation assay
(Fig 2A). In the second experiment, TRIM25 is co-transfected with ZAP or an
empty vector (Fig 2B).

Ubiquitylation Assay

1. Components: 100 nM E1, 1 uM UbcH5b, 100 nM FLAG-TRIM25, 40 uM Ub,
5mM ATP, ~100 nM Smt3-ZAPL.

2. Mix components and allow the reaction to run for 20 minutes at room
temperature,

3. Run reaction on SDS-PAGE, and visualize with western blot.

TRIM25 and ZAP co-expression

1. Transfection of 1 well in a 6-well plate of 293T cells requires 200 ng of FLAG-
TRIM25 in pcDNA3 and 400 ng of HA-ZAP in pcDNA4.

2. Cells were harvested 48 hours after transfection.

3. Cells were lysed and proteins were visualized with western blot
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Figure 2
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Appendix 1.3, ATP stabilizes WWE structure

The WWE domain in ZAP is responsible for recognizing poly-ADP ribose;
ATP is similar in structure to ADP-ribose. We sought to determine whether or not
ATP would bind to the WWE domain of ZAP by observing the melting
temperature (Fig 3).

1. The Z5-WWE (aa 498-723) construct was concentrated to 2 mg/mL, protein
buffer alone or 10 uM ATP in protein buffer was added to the protein.

2. Afinal concentration of 100x SYPRO Orange was added to the mix, for a final
volume of 25 uL.

3. The DSF experiment was performed using an RT-PCR, the data was
analyzed in Excel.
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Appendix 1.4, Crystallization of the WWE domain

At the moment, the only ZAP structure is of the N-terminal RNA binding
domain. We sought to run crystallization trials with our purified proteins. The
WWE (aa 498-723) construct was the only one that crystallized. Molecular
replacement was not possible with currently available PDB structures.
Selenomethionine labeled WWE failed to crystallize.

1. Proteins were purified as described in appendix 1.1 and concentrated to
8 mg/mL.
2. Crystals formed 3 days after setting up the drops.
3. Crystals were found in a 1:1 setup of protein to mother liquor.
4. Mother liquor contained: 0.2M Proline, 0.1M Hepes pH 7.5, 10% PEG 3350
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Figure 4




