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Abstract

TRIM (tripartite motif) proteins primarily function as ubiquitin E3 ligases that regulate the innate
immune response to infection. TRIM25 [also known as Efp (oestrogen-responsive finger protein)]
has been implicated in the regulation of oestrogen receptor a signalling and in the regulation of
innate immune signalling via RIG-I (retinoic acid-inducible gene-I). RIG-I senses cytosolic viral
RNA and is subsequently ubiquitinated by TRIM25 at its N-terminal CARDs (caspase recruitment
domains), leading to type | interferon production. The interaction with RIG-I is dependent on the
TRIM25 B30.2 domain, a protein-interaction domain composed of the PRY and SPRY tandem
sequence motifs. In the present study we describe the 1.8 A crystal structure of the TRIM25 B30.2
domain, which exhibits a typical B30.2/SPRY domain fold comprising two N-terminal a-helices,
thirteen B-strands arranged into two S-sheets and loop regions of varying lengths. A comparison
with other B30.2/SPRY structures and an analysis of the loop regions identified a putative binding
pocket, which is likely to be involved in binding target proteins. This was supported by
mutagenesis and functional analyses, which identified two key residues (Asp*88 and Trp621) in the
TRIM25 B30.2 domain as being critical for binding to the RIG-1 CARDs.
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INTRODUCTION

The innate immune system presents the first line of defence against invading microbial
pathogens. Detection of bacterial or viral components is mediated by host cell pattern-
recognition receptors including the transmembrane TLRs (Toll-like receptors) [1], the
cytoplasmic RLRs [RIG-I (retinoic acid-inducible gene-I)-like receptors] and NLRs [NOD
(nucleotide-binding oligomerization domain)-like receptors] [1-3]. Recognition of viral
RNAs by TLRs and RLRs activates signalling pathways that result in the expression of pro-
inflammatory mediators, including type | IFNs (interferons), to establish an antiviral state in
infected and surrounding cells [2-4]. Increasingly, TRIM (tripartite motif; also known as
RBCC) proteins, such as pyrin, TRIM5a, TRIM21, TRIM22, TRIM25, TRIM27, TRIM30a
and Riplet, are being found to play key roles in restricting viral infection, with many
regulating TLR, RLR and NLR signalling cascades [5-12].

TRIM proteins are characterized by an N-terminal zinc finger RING domain, one or two B-
box domains, and a CCD (coiled-coil domain). The RING domain confers ubiquitin E3
ligase activity, the function of the B-box domain is largely unknown [13] and the CCD is
implicated in multimerization of TRIM proteins [14]. Approximately 50 %of human TRIM
proteins also contain a B30.2 domain at the C-terminus, and it is this domain that is thought
to recruit substrate proteins as targets for RING E3 ligase activity [14]. Named after the
B30.2 exon found within the MHC class | region [15], the B30.2 domain was originally
defined by the presence of three highly conserved sequence motifs (LDP, WEVE and
LDYE), and is only found in vertebrates with an adaptive immune system [16,17]. The
SPRY domain was identified based on a sequence repeat in the dual-specificity kinase spore
lysis A and in the Ca?*-release channel ryanodine receptors [18]. The B30.2 domain consists
of a ‘SPRY’ region preceded by a conserved N-terminal extension, known as the ‘PRY’
region [17]. The solution of several B30.2 and SPRY domain structures has revealed a
characteristic S-sandwich fold [19-21].

TRIM25 [also known as Efp (oestrogen-responsive finger protein)] was originally identified
as an oestrogen-responsive gene and plays a key role in the development of the uterus.
Expression of TRIM25 has also been associated with ovarian and breast cancer, and is
thought to positively promote cell growth by targeting the cell-cycle regulator 14-3-3¢ for
proteasomal degradation [22-26]. However, more recently TRIM25 has been identified as a
key component of the RIG-I signalling pathway. The RIG-I receptor is activated by RNA
viruses, such as influenza and hepatitis C virus [3], and this initiates a signalling cascade that
results in the activation of NF-xB (nuclear factor xB) and interferon regulatory factors, and
the production of IFNa/g[27-29]. Specifically, binding of viral RNA to the RIG-1 CTD/RD
(C-terminal repressor domain) [30] and the hydrolysis of ATP is thought to induce a
conformational change in RIG-I, which exposes the first CARD (caspase recruitment
domain) of RIG-I for interaction with TRIM25 [31,32], and results in the attachment of
Lys83-linked polyubiquitin chains to the second RIG-1 CARD [7,33]. RIG-I then
translocates to the mitochondrial surface where it interacts with the transmembrane adaptor
protein MAVS [mitochondrial antiviral signalling protein; also known as IPS-1 (IFNS
promoter stimulator 1)/Cardif (CARD adaptor inducing IFNS)/VISA (virus-induced
signalling adaptor)]. TRIM25 acts as a positive regulator of the type | IFN production
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pathway by activating RIG-1 in the initial stages of viral infection. In addition, it has been
shown that TRIM25 leads to MAVS degradation, which releases kinase-containing
complexes (IKK [I1xB (inhibitor of nuclear factor xB) kinase] and TBK1 {TANK [TRAF
(tumour-necrosis-factor-receptor-associated factor)-associated nuclear factor-xB activator]-
binding kinase 1}) to activate transcription and, finally, type I IFN production [8,34].

The TRIM25 interaction with RIG-1 is negatively regulated by a LUBAC (linear ubiquitin
assembly complex) containing the E3 ligases HOIL-1L (haem-oxidized IRP2 ubiquitin
ligase 1) and HOIP (HOIL-1-interacting protein) [35]. The C-terminal RBR (ring-in-
between-RING) domains of HOIL-1L and HOIP interact with the TRIM25 B30.2 domain to
induce the ubiquitination and proteasomal degradation of TRIM25 [35]. The importance of
TRIM25 in the RIG-1-mediated response to infection has been demonstrated in Trim25~/
mouse embryonic fibroblasts which, following infection with Sendai or vesicular stomatitis
virus, were unable to produce IFNS or restrict viral replication [7,36]. TRIM25 is itself up-
regulated in response to IFN in a positive-feedback loop that further augments the antiviral
response [37].

As a complement to the RIG-I crystal structures [31,32], and as an initial step towards
understanding how TRIM25 interacts with multiple target proteins to regulate innate anti-
viral signalling and oestrogen responses, we present the first crystal structure of the TRIM25
B30.2 domain. By comparison with the binding interface of previously published B30.2/
SPRY structures in complex with ligands, we further suggest the TRIM25 loop regions and
surface pockets that are likely to be involved in binding, and using mutagenesis identify two
key residues which are critical for binding to RIG-I.

EXPERIMENTAL

Sample preparation

The TRIM25 B30.2 domain was amplified from full-length murine Trim25 cDNA
(GenBank® accession number NM_009546.2; Open Biosystems, Thermo Scientific) by
PCR with primers containing Ascl and EcoRI restriction sites (Geneworks). The construct
was cloned into an in-house pGEX-4T bacterial expression vector. DNA sequencing
confirmed the integrity of the resulting plasmid, which was then transformed into
Escherichia coli BL21 (DE3) cells. Protein expression was induced upon addition of 0.5
mM IPTG at an Dggg of 0.8. After a 4 h induction at 30 °C, the cells were harvested by
centrifugation and frozen at —80 °C. The GST (glutathione transferase) fusion protein was
purified from clarified cell lysates using glutathione—Sepharose 4B (GE Healthcare), then
cleaved overnight at 4 °C with thrombin precision protease (Roche). Cleaved protein was
eluted in 50 mM Tris/HCI, 150 mM NaCl and 2 mM DTT (pH 7.5) and further purified by
gel-filtration chromatography (Superdex 200 16/60, GE Healthcare), and anion-exchange
chromatography (Mono Q, GE Healthcare).

Crystallization

Purified protein was concentrated to 10 mg/ml in 50 mM MES, 75 mM NaCl and 2 mM
DTT (pH 6.0), using Amicon 10 kDa molecular-mass cut-off centrifugal concentrators
(Millipore). Crystallization screens using the sitting-drop/vapour diffusion method at 281 K
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were performed at the Bio21 Collaborative Crystallization Centre (C3), Parkville, Australia.
Crystals were obtained under multiple conditions and were optimized by mixing 1 pl of
protein solution and 1 pl of reservoir solution containing 20-24 % PEG 3350, 0.2 M NaCl
and 0.1 M Tris/HCI (pH 8.5). Prior to data collection, crystals were transferred to a
cryoprotectant solution consisting of reservoir solution supplemented with 20 %ethylene
glycol, then mounted in a nylon loop and flash-frozen in liquid nitrogen.

Data collection and structure determination

Diffraction data were collected on beamline MX2 at the Australian Synchrotron. Data were
integrated using XDS [38] and scaled using SCALA [39] from the CCP4 suite [40]. A
molecular replacement solution was found using PHASER [41], and the pyrin PRYSPRY
domain (PDB code 2WL1, chain A) as a model. Building and refinement were performed in
COOT [42] and PHENIX [43] respectively. Refinement converged with R = 0.1734 and
Reree = 0.1944 for data to 1.77 A, with deviations from ideality of 0.007 A for bonds and
0.998° for angles. Further data collection and refinement statistics are reported in Table 1.
Figures were generated using PyMOL (http://www.pymol.org).

Plasmid construction

GST-mRIG-1(2CARD) has been described previously [44]. Myc-tagged mRIG-1(2CARD)
was subcloned into pEF-IRES-Puro encoding a C-terminal Myc tag between Aflll and Notl.
Point mutatations in the mouse TRIM25 B30.2 domain (residues 440-630) were generated
using PCR, splicing by overlap extension [45]. Constructs encoding proteins with a C-
terminal FLAG epitope tag (DYKDDDDK) were generated by PCR to give fragments with
in-frame Ascl and Mlul restriction enzyme sites at the N- and C-termini respectively and
subcloned into the mammalian expression vector pEF-Flag-1, a derivative of pEFBOS [46].
TRIM25 full-length mutants were generated by PCR site-directed mutagenesis using pEF-
mTRIM25-Flag as a template. All constructs were fully sequenced to confirm the
mutagenesis.

Co-immunoprecipitation and immunoblot analysis

HEK (human embryonic kidney)-293T cells were lysed in NP-40 (Nonidet P40) buffer [50
mM Hepes (pH 7.4), 150 mM NaCl, 1 % (v/v) NP-40 and protease inhibitor cocktail;
Sigma], followed by centrifugation at 16 060 g for 20 min at 4 °C. For co-
immunoprecipitation, 0.75 ml of post-centrifuged lysates were incubated with ~2.0 pg of
antibody at 4 °C overnight, followed by incubation with a 50 %slurry of Protein A/G
agarose (Amersham) for 2 h at 4 °C. Immunoprecipitated proteins were extensively washed
with lysis buffer and eluted with SDS/Laemmli buffer by boiling for 5 min.

For immunoblot analysis, proteins were resolved by SDS/PAGE (12 % gel) and transferred
on to PVDF membranes. The following primary antibodies were used: anti-FLAG (M2;
1:2000 dilution; Sigma), anti-Myc (1:2000 dilution; Covance), anti-GST (1:2000 dilution;
Sigma) and anti-ubiquitin (P4D1; 1:500 dilution; Santa Cruz Biotechnology). The proteins
were visualized by an enhanced chemiluminescence reagent (Pierce) and detected by a
Luminescent imaging system (Fuji LAS-4000).
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Luciferase reporter assay

Luciferase assays were performed as described previously [47]. Briefly, HEK-293T cells,
seeded into 12-well plates, were transfected with 200 ng of IFN luciferase construct and
300 ng of B-gal (B-galactosidase)-expressing pGK-g-gal. In addition, 15 ng of plasmid
encoding vector or pEF-IRES-mRIG-1(2CARD)-Myc and 200 ng of pEF-Flag-mTRIM25
WT (wild-type) or mutants were transfected. At 48 h post-transfection, cells were lysed and
subjected to a luciferase assay (Promega) according to the manufacturer’s instructions.
Luminescence and absorbance were measured, and luciferase values were normalized to 5
galactosidase to correct for transfection efficiency.

RESULTS

Crystal structure of the TRIM25 B30.2 domain

Full-length TRIM25 is a 634 residue 70.6 kDa protein, which is comprised of a RING
domain, two B-boxes, a coiled-coil and a B30.2 (PRYSPRY) domain (Figure 1A). Residues
440-634 corresponding to the mouse B30.2 domain were expressed in E. coli cells as a
GST-fusion protein, and purified using standard procedures [48]. The TRIM25830-2 protein
crystallized in 25 % (w/v) PEG 3350, 0.2 M NaCl and 0.1 M Tris/HCI (pH 8.5), with two
molecules in the asymmetric unit. Phases were obtained via molecular replacement using the
pyrin B30.2 domain (PDB [49] code 2WL1 [50]) and refined at 1.8 A, with R and Ryyee
values of 0.1734 and 0.1944 respectively (Table 1).

The structure consists of a hydrophobic core comprising thirteen S-strands that form two
antiparallel B-sheets in a bent g-sandwich configuration. Two a-helices at the N-terminus
pack against one face of the B-sheet core with al running almost parallel and a2 running
perpendicular to the direction of the B-strands (Figures 1B and 1C). The PRY (residues 440-
512) and SPRY (residues 513-633) regions of the TRIM25 B30.2 domain form a single
structural module (Figure 1B), and exhibit a similar topology to the B30.2 domain structures
of pyrin, TRIM21 and TRIM72 [5,50-52]. The TRIM25 structure resolved eight more
residues at the N-terminus of the PRY region than previous B30.2 structures. These residues
reveal an extra a-helix (al), which forms hydrophobic interactions with the adjacent g
sheet, while presenting polar residues to the solvent-exposed surface. Specifically, Leu#46,
Phe?9 and Leu*®? from al are involved in forming hydrophobic interactions with Phe592,
116594 and Phe®% from 310, and Leu®%* and Lys97 from g11. Therefore a1 shields a
hydrophobic patch on the underlying B-sheet from solvent exposure. The total solvent-
accessible surface area presented by our three-dimensional structure of the TRIM25 B30.2
domain is 8850 A2 (Figure 1B).

Structural conservation suggests a conserved binding site in B30.2 domains

To assess the level of structural conservation between the murine TRIM25 B30.2 domain
and other known B30.2/SPRY domain structures, the former was aligned with the X-ray
crystal structures of mouse TRIM21 (PDB code 2VOK [51]), mouse SPSB2 (SPRY domain-
containing suppressor of cytokine signalling box2; PDB code 3EK9 [53]), human pyrin
(PDB code 2WL1 [50]) and human TRIM72 (PDB code 3KB5 [52]). The RMSD values
were calculated from structural alignments conducted using DALI [54]. The TRIM25 B30.2
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domain shows the highest level of structural conservation with the TRIM21 B30.2 domain,
(RMSD of 1.6 A), followed by human pyrin and TRIM72 (RMSD of 1.7 A and 1.9 A
respectively). These are comparatively lower than the RMSD value of 2.7 A obtained for the
mouse SPSB2 SPRY domain (Figure 2).

In the three available structures of B30.2/SPRY domains bound to ligand, TRIM21-1gG F,
[5,51], SPSB1-VASA peptide and SPSB2-VVASA peptide [55], ligand binding is mediated
by a similar overall surface (Figures 3A and 3B). In TRIMZ21, this region is centred on the
top of one face of the g-sandwich, and includes loops 5 and 13, which link the two sheets
together (Figure 3B). In TRIM25, this region contains three structurally adjacent solvent-
exposed phenylalanine residues in loops 5, 7 and 13 (Phe528, Phe®%9 and Phe?23
respectively), which are raised considerably above the plane of the S-sandwich (Figures 3C
and 3D, left-hand panel). At the base of this motif lies an interesting ladder of parallel
tryptophan and arginine residue side chains [Trp621 (£12), Arg®#6 (loop 6), Arg®*° (loop 6)
and Trp%6 (87)] arranged into a W-R-R-W r-stack (Figures 3C and 3D, left-hand panel).
Taken together, the highly solvent-exposed phenylalanine residues and the adjacent W-R-R-
W stack form an obvious potential ligand-binding surface that is composed of both
hydrophobic and hydrogen bonding capable side chains (Figure 3D, left-hand panel). In
addition, as the analogous region is involved in TRIM21 ligand binding, we hypothesize that
it will form at least part of the TRIM25 interaction surface.

In TRIM21, the ligand-binding epitope also extends into the PRY region of the domain, to
include Trp29 in loop 1 and Asp38 in loop 3 [51] (Figure 3B). A similar section of the
region preceding the SPRY domain is also used in SPSB1 and SPSB2 to co-ordinate ligand
binding [55] (Figure 3A). TRIM25 residues that structurally align with these are highlighted
in Figure 3(C). The SPSB1 and SPSB2 structures show binding to a short linear peptide
motif, whereas TRIM21 binds in a conformation-dependent manner to a more extensive
ligand [51,55]. In fact, most of the surface used by TRIM21 is occluded in SPSB1 and
SPSB2 by the very long (22 residue) loop 6, which blocks the majority of one face of the 5
sandwich, leaving only a small surface available for ligand binding (Figure 3A). In TRIM25,
loop 6 is packed against the B-sheet, sandwiched tightly between loops 3 and 8. It is held in
a highly twisted, yet rigid, conformation by numerous hydrogen bonds both within the loop
as well as to the B-sheet proper (Figure 3D, right-hand panel). For example, between the 5
sheet and loop 6, Glu®>7 in 36 forms salt bridges with both Arg®6 and Arg®4? (which are
part of the W-R-R-W motif), whereas the side chain of GIn%%% in 3 acts as a hydrogen-bond
donor and acceptor to the backbone of Ser>#® and Leu®*7 respectively (Figure 3D, right-
hand panel). The side chain of Arg®*0 forms hydrogen bonds both with the backbone
carbonyl of GIn48 (loop 3), and with Gly®36 and Met>38 within loop 6. Also within loop 6,
the side chain of Asn>°0 makes no less than four hydrogen bonds to other residues with the
loop (Glu>*4, Arg®#6, Asn552 and Ser®%3). The B-factors right across loop 6 in both chains
are low and are, in fact, similar to the core of the g-sandwich. We hypothesize that the
complicated conformation and rigidity of loop 6 functions to shield parts of the underlying
B-sheet not involved in ligand binding, as well as directly forming part of the ligand-binding
site. When compared with previously published B30.2/SPRY structures, loop 6 varies
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dramatically in length and conformation suggesting that it may be a key feature in dictating
the binding specificity of the B30.2/SPRY domain (Figures 3A-3C).

Sequence conservation of key residues within a putative binding site on the TRIM25 B30.2

domain

Alignment of the TRIM25 B30.2 sequences across vertebrate species reveals the expected
sequence conservation of structural elements such as S-strands and a-helices, but also
conservation of residues within loop regions (Figure 4A), suggesting that TRIM25 B30.2
domain function is likely to be conserved across these species. Alignment of human and
mouse TRIM25 B30.2 domains with other related murine B30.2/SPRY domains confirms
that regions with relative conservation across the different family members correspond to
the secondary structural elements (Figure 4B), and this is consistent with the similarity of
the TRIM25 B30.2 structure to known B30.2/SPRY domain structures (Figure 2A).
Residues Lys*"* (loop 1) and Asp*88 (loop 3) exhibit high sequence similarity across species
(Figure 4A), whereas Asp*®8 is conserved in TRIM21, but not in other related B30.2
domains (Figure 4B). As concerns our predicted binding site, the three phenylalanine
residues within loops 5 (Phe®28), 7 (Phe559) and 13 (Pheb23) are unique to TRIM25, where
they are highly conserved across species (Figure 4A). Similarly, the W-R-R-W motif is also
conserved in all vertebrate TRIM25 molecules (Figure 4A); however, only TRIM47 is
predicted to contain a similarly r-stacked (W-R-R-F) motif at the same position (Figure
4B). Finally, loop 6 is extremely variable in sequence between different B30.2 domains, yet
once again is highly conserved within TRIM25 across species (Figure 4). Therefore a
combination of residues, including Asp*88, Lys#74, Arg>*6 and Trp®8, and loop 6 appeared
likely to contribute to TRIM25 B30.2 domain-binding specificity.

Asp?88 and Trp®21 are critical for binding of the TRIM25 B30.2 domain to RIG-|

To test whether the residues identified by structural comparison and sequence alignment
formed part of a putative binding site, we mutated the key residues to alanine and tested the
constructs for binding to a known TRIM25-interacting protein, the RIG-1 CARD domains.
Expression constructs for FLAG-tagged mouse TRIM25 B30.2 domain WT or various
mutants and the mouse RIG-I CARDs fused to GST [GST-mRIG-I(2CARD)], were
transiently transfected into HEK-293T cells and binding was then assessed by co-
immunoprecipitation and Western blotting. Mutation within the TRIM25 B30.2 domain
converting Lys#74, Phe528, Phe559 or Pheb23 into an alanine residue did not have an
appreciable effect on binding to GST-mRIG-1(2CARD). In contrast, mutation of Asp#88 or
Trp%21 dramatically reduced binding to the RIG-1 CARDs (Figure 5A). Mutation of Arg>46,
Arg®¥9 or Trp>86 to an alanine residue abrogated protein expression, suggesting that these
mutations disrupted the tertiary structure of the TRIM25 B30.2 domain (results not shown).

Binding of TRIM25 to RIG-I results in ubiquitination of the second CARD of RIG-I,
facilitating an interaction with MAVS and the production of IFNS [7]. To determine
whether mutation of Asp#88 or Trp21 was sufficient to alter the ability of TRIM25 to induce
ubiquitination-dependent RIG-1 activation, the mutants were generated in the context of full-
length mouse TRIM25 and tested for their ability to ubiquitinate RIG-I and promote RIG-I
downstream signalling. Consistent with the binding data, mutation of either Asp#88 or
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Trpb21 almost completely abolished the ability of TRIM25 to ubiquitinate the RIG-1 CARDs
(Figure 5B). Similarly, using an IFN reporter assay, mutation of either Asp88 or Trp621
reduced the ability of TRIM25 to enhance RIG-1 2CARD-mediated IFNg induction by 31 %
(Figure 5C).

In conclusion, two residues (Asp*®8 and Trp621) were identified as being critical for
TRIM25 B30.2 binding to the RIG-I CARDs, strongly suggesting that they form part of the
binding interface (Figures 5D and 5E).

DISCUSSION

Previous studies have shown that TRIM25 has an important role in the innate immune
response to viral infection [7], and may function as an oncogene in breast cancer leading to
poorer patient outcomes [25,26]. The primary mechanism of action is thought to be
recruitment of a target protein by the C-terminal B30.2 protein-interaction domain, followed
by the transfer of ubiquitin from the RING-bound E2-ubiquitin conjugate to a lysine residue
in the target protein. TRIM25 has been reported to synthesize both Lys®3- and Lys*8-linked
polyubiquitin chains, leading respectively to the activation of RIG-I [7] and degradation of
MAVS [8]. Although B-box domains are thought to co-ordinate zinc ions, their specific role
within the context of TRIM25 remains unknown [56]. The CCD is required for
multimerization of TRIM25, which is important for RIG-1 activation and downstream
signalling [57]. In the present study we have solved the crystal structure of the TRIM25
B30.2 domain and identified a putative binding surface; the structure of the RING, B-box
and CCD domains are yet to be elucidated.

The previously published B30.2 domain structure of TRIM72 has 192 residues (62 PRY)
resolved, whereas pyrin has 190 (62 PRY) and TRIM21 has 192 (52 PRY) residues resolved
[5,50-52]. Among SPRY-only proteins, SPSB1 has 203 (64 in the N-terminal region),
SPSB4 has 201 (64 N-terminal) and SPSB2 has 199 (66 N-terminal) residues resolved
[53,55]. The TRIM25 B30.2 domain structure has a total of 193 (79 PRY) residues resolved,
and therefore may include more of the PRY region than previous B30.2 structures. In
addition to the characteristic bent g-sandwich, the TRIM25 B30.2 crystal structure revealed
two a-helices in the PRY region of the B30.2 domain. Structural alignments with previously
published B30.2/SPRY domains show that the TRIM25 B30.2 domain structure contains an
additional a-helix at the N-terminus (al), which forms non-polar interactions with
hydrophobic residues on the adjacent S-sheet, thereby shielding it from solvent exposure.
Analysis of other B30.2 domain structures, revealed a lack of similarly hydrophobic residues
on the B-sheet (results not shown), suggesting that the additional a-helix may be unique to
TRIM25. Interestingly, this region appears more similar in topology to the N-terminal
region of the SPRY -only proteins, SPSB1, SPSB2 and SPSB4, which also contain two a-
helices (Figure 2B). The structure of the TRIM25 B30.2 domain therefore supports earlier
suggestions that the PRY region is related to the N-terminal region preceding the SPRY
motif in SPRY-only proteins, despite the low sequence similarity [21,53,58].

It is obvious from the TRIM25 B30.2 crystal structure that together the PRY and SPRY
tandem motifs form a single modular domain, similar to that seen in previously published
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B30.2/SPRY domain structures. The structure of murine and human TRIM21 in complex
with the F¢ region of 1gG revealed key residues from the PRY and SPRY regions that are
involved in binding [5,51]. Similarly, residues from the N-terminus and SPRY region of
SPSB1 and SPSB2 are involved in binding the DINNN peptide motif found in VASA and
inducible nitric oxide synthase [21,55,59]. We have utilized structural and sequence
comparisons to extrapolate from these known interactions, to suggest residues that form a
putative binding pocket in TRIM25 and which might be involved in interacting with target
proteins such as RIG-1 or MAVS. We observed several interesting features within this
putative binding site, such as three highly solvent-exposed phenylalanine residues sitting
above a quartet of residues (W-R-R-W) involved in a r-stack.

When compared with previous B30.2 structures, the TRIM25 structure highlights the
diversity of loop 6. In TRIM25, it has a very complicated conformation, constrained by
numerous intra-and inter-loop hydrogen bonds, salt-bridges and van der Waals contacts. We
suggest that by covering or revealing part of the S-sandwich, loop 6 will play a major role in
determining binding specificity by both blocking parts of the s-sheet surface not required for
ligand binding, as well as providing residues that directly contribute to ligand binding.

The TRIM25 B30.2 domain has been shown to be both necessary and sufficient for the
interaction with the RIG-1 CARDs in cell lysates [7,60], and experiments in vitro have
shown this to be a direct interaction [61]. We have used mutagenesis to explore a putative
binding site, which we have identified by structural and sequence comparisons, identifying
two residues (Asp*88 in loop 3 and Trp®21 in loop 6) that appear to be critical for the
interaction of the TRIM25 B30.2 domain with the RIG-1 CARDs. Although mutation of
other conserved residues (Lys*"4, Phe®28, Phe®59 or Pheb23) did not alter binding to RIG-1 it
is still conceivable that these residues will contribute to the binding interface, but that
mutation to an alanine residue was not sufficient to have an impact on binding in an
overexpression system. Mutation of Arg®#6, Arg®4? or Trp56 resulted in significantly
reduced protein expression (results not shown), suggesting that these mutations reduced
protein stability and are likely to disrupt the rz-stack which anchors loop 6 in place. The
location of these two key residues, Asp*®8 in the PRY and Trp®2L in the SPRY region of the
TRIM25 B30.2 domain (Figure 5D), lends further support to the notion that the PRY and
SPRY regions do indeed form a single modular domain. Interestingly, Asp*88 is conserved
in TRIM21 (Figures 2 and 4B) and the analogous residue (Asp3°8) has been shown to form
hydrogen bonds with residues in the Fc region of IgG [5] (Figure 3B), suggesting that there
is a common modality of binding across these two B30.2 domains.

As the crystal structure of mallard duck RIG-1 contained the CARD domains in an inactive
conformation, it is difficult to ascertain complementary residues on the first CARD of RIG-I
that are likely to be involved in binding TRIM25. Furthermore, although mutational
analyses revealed residues in human RIG-I that were important for binding TRIM25 (Thr°®)
and ubiquitination (Lys172) [60], neither residue is conserved in the mallard duck.

The structure of a mouse or human TRIM25 B30.2-RIG-1 CARD complex is required to
fully understand the binding interface. This information, together with the current
mutagenesis data will inform future experiments designed to test the involvement of the
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TRIM25 B30.2 domain in binding target proteins, and facilitate crystallization of TRIM25
in complex with those binding partners.

A number of other potential TRIM25-binding partners have been identified. For instance,
the TRIM25 B30.2 domain has been shown to interact with the RBR domains of HOIL-1L
and HOIP, which reportedly target TRIM25 for proteasomal degradation [35]. However, a
direct molecular interaction between the RBR of HOIL-1L/HOIP and the TRIM25 B30.2
domain was not shown, and the residues involved in binding remain to be elucidated.
Targeting this interaction has the potential to augment TRIM25-mediated activation of RIG-
I, leading to an increased IFN response in immunocompromised patients. TRIM25 has also
been shown to interact with MAVS in cells [8], but a direct interaction was not shown and it
remains unclear whether the B30.2 domain is necessary and sufficient for binding to MAVS.

B30.2/SPRY domain proteins are becoming increasingly important in innate immune
signalling. The role of TRIM25 as an activator of RIG-I signalling makes it an important
target for modulating the immune response to RNA viruses, such as measles, vesicular
stomatitis, influenza and hepatitis C [3]. Our analysis of the crystal structure of the TRIM25
B30.2 domain identifies key residues and a putative binding pocket (Figure 5E) that may be
involved in binding substrate proteins. Importantly, small molecules that target the TRIM25
B30.2 domain may offer greater potential for specificity, as opposed to generic inhibitors of
the ubiquitin—proteasome cascade or therapeutics targeting the RING domain, which may
have an impact on multiple RING E3 ligases. The structure of the TRIM25 B30.2 domain as
described in the present paper will facilitate a detailed understanding of how this domain
interacts with its putative target proteins.
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MAVS mitochondrial antiviral signalling protein
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RBR ring-in-between-RING
RIG-I retinoic acid-inducible gene-I
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SPSB SPRY domain-containing suppressor of cytokine signalling box
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Figure 1. The TRIM 25 B30.2 domain structure
(A) Domain architecture of the full-length TRIM25 molecule highlighting the PRY (blue) and SPRY (red) tandem sequence

motifs that comprise the B30.2 domain. (B) Cartoon representation of the three-dimensional structure of the TRIM25 B30.2
domain with the PRY and SPRY regions coloured blue and red respectively. a-Helices and key loops are annotated. (C)
Topology diagram of the TRIM25 B30.2 domain with the structural elements coloured according to PRY (blue) and SPRY
(red). a-Helices and #-strands are numbered and shown as rounded rectangles and arrows respectively. Loop regions are
numbered L1-1.13.
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Figure 2. Structural similarity of the TRIM 25 B30.2 domain with other B30.2/SPRY domains
Cartoon representations of the TRIM25 B30.2 domain (red) aligned with the B30.2 domain crystal structures of TRIM21 (blue;

PDB code 2VVOK), pyrin (green; PDB code 2WL1) and TRIM72 (yellow; PDB code 3KB5), and the N-terminus and SPRY
domain structure of SPSB2 (light blue; PDB code 3EK9). All structural alignments are shown in the same orientation with the
corresponding RMSD values.
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00p6 RS540

Figure 3. Known interaction sitesfor TRIM 21 and SPSB2 suggest a putative binding pocket on the TRIM 25 B30.2 domain
Key residues involved in the SPSB2-VVASA peptide interaction (PDB code 3EMW) (») and TRIM21 interaction with the F

region of 1gG (PDB code 2VOL) (B) are marked in yellow. (C) Homologous loops in the TRIM25 B30.2 domain suggest three
phenylalanine residues and a W-R-R-W stack (yellow) that could be involved in binding. (A—C) Cartoon (left-hand panels) and
surface (right-hand panels) representations are shown. Loop 6 is highlighted (orange) in the cartoon representations. (D)
Electron density of the key residues likely to be involved in binding is shown in the left-hand panel. In the right-hand panel, a
stick representation of loop 6 is shown (orange), with the polar contacts within the loop (blue), the contacts to residues in other
parts of the domain (green) and the bonds within the W-R-R-W r-stack (black) shown as broken lines.
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Figure 4. Mouse TRIM 25 B30.2 domain sequence is conserved acr 0ss species, but not across other closely related mouse B30.2
domains

(A) Alignment of murine TRIM25 B30.2 domain against the same domain sequence from other species. (B) Alignment of
human (hTRIM25) and mouse TRIM25 B30.2 domain with closely related mouse B30.2/SPRY domains. Sequences were
sourced from GenBank® and aligned using ClustalX 2.0.12 [62]. Secondary structural elements positioned above the alignment
correspond to residues from the mouse TRIM25 B30.2 domain crystal structure. Red arrows indicate key residues in TRIM25,
which have been tested by mutagenesis for binding to the RIG-1 CARDs.
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Figure 5. The mutations D488A and W621A decr eases binding of the TRIM 25 B30.2 domain to the RIG-I CARDs and result in
decreased RIG-I CARD ubiquitination and signalling

(A) HEK-293T cells were transfected with GST-mRIG-I(2CARD) together with either empty vector, Flag-tagged mTRIM25-
B30.2 WT or mutants. At 48 h post-transfection, whole-cell lysates (WCLs) were immunoprecipitated (IP) using an anti-FLAG
antibody, followed by immunoblot (IB) analysis using an anti-GST or anti-FLAG antibody. Expression of GST-mRIG-
I(2CARD) was determined in the whole-cell lysates using an anti-GST antibody. (B) HEK-293T cells were transfected with
mRIG-1(2CARD)-Myc together with either empty vector or FLAG-tagged mTRIM25 WT or mutants. At 48 h post-transfection,
cells were lysed and whole-cell lysates subjected to immunoprecipitation using an anti-Myc antibody, followed by
immunoblotting using an anti-ubiquitin (Ub) or anti-Myc antibody. Whole-cell lysates were further used for immunoblotting
with an anti-FLAG antibody to determine the expression of mMTRIM25 WT and mutants. The arrow indicates the mono-
ubiquitinated form of mRIG-I(2CARD)-Myc. (C) HEK-293T cells were transfected with IFNS luciferase and constitutive -
gal-expressing pGK-g-gal constructs together with either empty vector and FLAG-mTRIM25 WT, mRIG-I(2CARD)-Myc and
vector, or mRIG-1(2CARD)-Myc together with FLAG-tagged mTRIM25 WT or mutants. At 48 h post-transfection, the
luciferase and S-gal values were determined. The results, expressed as means * S.D. (n = 2), are representative of three
independent experiments. (D) Cartoon representation of the TRIM25 B30.2 domain highlighting the location of Asp#88 and
Trp%2L in relation to the PRY (blue) and SPRY (red) regions. Loops 3 and 6 are indicated. (E) Surface representation of the
TRIM25 B30.2 domain depicting the location of Asp*88 and Trp821 in the context of the residues identified as part of a putative
binding site.
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Table 1

Data collection and refinement statistics (molecular replacement)
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Parameter

Value

PDB code
Data collection
Protein
Space group
Cell dimensions
a, b, c(A)
a,p y()
Wavelength (A)
Resolution (A)

4B8E

TRIM25%40-634
P22, 2

58.149, 73.561 91.009
90, 90, 90

0.953690

91.01-1.78 (1.88-1.78)

Rimerge (%) 5.44 (60.7)
1ol 20.9 (3.5)
Completeness (%) 99.8 (99.2)
Redundancy 72(7.2)
Refinement

Resolution (A) 91.01-1.78
Number of reflections 274645
Unique reflections 38142
Ruork /Riree (%) 17.34/19.44
Number of atoms

Protein 3024

Ligand 10

Solvent 224
B-factors

Protein 32.20

Chain A 24.68

Chain B 40.09

Solvent 34.60
RMSD

Bond lengths (A) 0.007

Bond angles (°) 1.000
Ramachandran plot statistics

Ramachandran favoured (%) 98

Ramachandran outliers (%) 0

Values in parentheses are for the highest-resolution shell.
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