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Abstract

The TRAF [tumor necrosis factor receptor–associated factor] family of cytoplasmic adaptor

proteins link cell-surface receptors to intracellular signaling pathways that regulate innate and

adaptive immune responses. In response to activation of RIG-I (retinoic acid–inducible gene I), a

component of a pattern recognition receptor that detects viruses, TRAF3 binds to the adaptor

protein Cardif [caspase activation and recruitment domain (CARD) adaptor–inducing interferon-b

(IFN-b)], leading to induction of type I IFNs. We report the crystal structures of the TRAF domain

of TRAF5 and that of TRAF3 bound to a peptide from the TRAF-interacting motif of Cardif. By

comparing these structures, we identified two residues located near the Cardif binding pocket in

TRAF3 (Tyr440 and Phe473) that potentially contributed to Cardif recognition. In vitro and

cellular experiments showed that forms of TRAF5 with mutation of the corresponding residues to

those of TRAF3 had TRAF3-like antiviral activity. Our results provide a structural basis for the

critical role of TRAF3 in activating RIG-I–mediated IFN production.

Introduction

The tumor necrosis factor (TNF) receptor–associated factor (TRAF) family of adaptor

proteins promotes the activation of several transcription factors to induce immune and

inflammatory responses, including nuclear factor kB (NF-kB), activator protein-1 (AP-1),

and interferon (IFN) regulatory factors 3 and 7 (IRF3/7), which are especially important for

innate immune antiviral function (1, 2). Mammalian cells have six TRAF proteins, TRAF1

to TRAF6, all of which contain a conserved TRAF domain at the C terminus consisting of a
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coiled-coil domain followed by a TRAF-C domain; five (TRAF2 to TRAF6) also have an

N-terminal RING domain and zinc finger motifs.

Despite high sequence homology, TRAF proteins associate with different ligands and carry

out nonredundant functions (3). TRAF proteins are recruited directly or indirectly by various

pattern recognition receptors, whereupon they recruit additional factors that activate the

inhibitor of kB kinase (IKK) complex to trigger NF-kB activation (1). In addition, TRAF2,

TRAF5, and TRAF6 can promote the activation of mitogen-activated protein kinase and c-

Jun N-terminal kinase (2, 4), and TRAF3, TRAF5, and TRAF6 can mediate secretion of

type I IFNs (5, 6). The molecular specificities that determine the individual TRAF protein

functions, including the role of TRAF3 in stimulating IFN secretion, however, still remain

incompletely defined.

On recognition of viral infection, TRAF3 is activated and primes the TRAF family member–

associated NF-kB activator (TANK)–binding kinase 1 (TBK1) and IKKe complex to

phosphorylate IRF3/7 (1, 7). Two major antiviral pathways activate TRAF3 (and type I IFN

secretion): a Toll-like receptor (TLR)–dependent pathway and a TLR-independent pathway

that are active in immune and nonimmune cells, respectively. In nonimmune cells, upon

recognition of intracellular double-stranded RNA, cytoplasmic RNA helicases including

retinoic acid–inducible gene I (RIG-I), helicard, and melanoma differentiation–associated

protein 5 (MDA5) recruit the adaptor protein Cardif, which in turn recruits and activates

TRAF3 (6, 8).

Cardif functions as a scaffolding protein, helping to coordinate the assembly of larger

protein complexes that trigger downstream production of IFN and various other cytokines.

The TRAF-interacting motif (TIM) of Cardif has been mapped to three regions, including

the TRAF2 binding motif (T2BM) 143PVQDT147, TRAF6 binding motif 1 (T6BM1)

153PVENSE159, and TRAF6 binding motif 2 (T6BM2) 431PEENEY437 (9). Multiple

TRAF-family proteins, including TRAF2, TRAF3, TRAF5, and TRAF6, have been

identified as possible Cardif-binding partners and have been suggested to mediate IFN

secretion downstream of Cardif. Previous studies from our group demonstrated direct

interactions between the TRAF domain of TRAF3 and the T2BM of Cardif; subsequently,

TRAF3 was also shown to interact with Cardif through the T6BM2 region (8, 10). In

addition, TRAF6 is critical for IFN gene activation and has been suggested to be another

regulator of IFN activation (5, 11, 12). However, we have shown that no other TRAF

family-member TRAF domain, including TRAF5, can functionally replace the antiviral

activity of TRAF3 (8). A hybrid form of TRAF5 containing the TRAF domain of TRAF3

gains antiviral activity, and conversely, substitution of the TRAF domain of TRAF5 into

TRAF3 abrogates the antiviral function of TRAF3 (8). These data suggest that the functional

specificity between TRAF3 and TRAF5 is determined by the TRAF domain.

Crystal structures of the TRAF domains of TRAF2, TRAF3, and TRAF6 in association with

various TIMs have been determined, including crystal structures of the TRAF domain of

TRAF3 bound to five ligands: CD40, lymphotoxin-b receptor (LTbR), B cell–activating

factor receptor (BAFF-R), TANK, and latent membrane protein 1 (LMP1) (13–20). Within

the common TRAF protein fold, TRAF domains form trimers with an aggregate structure
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that is often compared to a mushroom. N-terminal coiled-coil motifs form the mushroom's

“stalk”; high sequence conservation within these coiled-coil motifs allows TRAF proteins to

form both homo and heterotrimers with other TRAFs. C-terminal TRAF-C domains form

the mushroom's “cap” by folding into eight-stranded b-sandwiches that contain solvent-

restricted binding crevices. These crevices serve as binding surfaces and measure about 15

Å∼ 19 Å∼ 22 Å, which can accommodate peptides about 20 amino acids long (21). Within

this b-sandwich region, TRAF crystal structures have defined three structural “hotspots”

shared within the TRAF family: a hydrophobic pocket, a set of serine fingers, and a

grouping of polar residues (21). Subtle structural differences in this b-sandwich region and

the hotspot residues account for the selective recruitment of various TRAF family members

to binding partners. The TRAF domains of TRAF3 and TRAF5 show up to 65% sequence

homology, and the hotspot residues are the same in these two proteins. However, the

mechanisms and the specific amino acids responsible for the specificity of TRAF3 in the

Cardif-mediated induction of IFN production remain to be elucidated.

Here, we report the crystal structures of the TRAF domain of TRAF5 and that of TRAF3

bound to a peptide from the TIM of Cardif. By comparing the structure of the TRAF3-

Cardif complex to that of TRAF5, we found two residues in corresponding structural

positions in TRAF3 and TRAF5 that differ and determine the binding abilities of TRAF3

and TRAF5 to Cardif. Mutations of these two residues in TRAF5 to the corresponding

TRAF3 residues conferred TRAF3-like antiviral activity on the mutated TRAF5 proteins.

Our results have determined a fundamental structure-based mechanism for the selectivity of

TRAF3 in promoting the RIG-I–mediated IFN response.

Results

Configuration of the TRAF3-Cardif Complex

First, we sought to identify the TRAF binding site in Cardif that mediates direct interaction

with the TRAF domain of TRAF3. We purified the TRAF domains of TRAF3 and TRAF5

as well as glutathione S-transferase (GST)–tagged peptides containing the TRAF binding

sites of Cardif: residues 138 to 153 (138PSCPKPVQDTQPPESP153, which encompasses

T2BM), residues 149 to 163 (149PPESPVENSEQALQT163, which encompasses T6BM1),

and residues 425 to 441 (425SEPNHGPEENEYSSFRI441, which encompasses T6BM2).

The GST-tagged Cardif peptides were bound to glutathione beads and incubated with the

purified TRAF domains of TRAF3 and TRAF5. Only T2BM directly associated with the

TRAF domain of TRAF3, and none of the three identified TRAF binding domains in Cardif

directly associated with the TRAF domain of TRAF5 (fig. S1). Because T2BM contains a

conserved PXQXT sequence, which has been speculated to be a TRAF3 binding motif, our

result that T2BM was the relevant TRAF binding domain in Cardif was not surprising (1).

Because Pro153 has been reported to be the first residue in T6BM1, we chose to use a

slightly longer Cardif peptide (residues 138 to 158) that included the T2BM and T6BM1

motifs for further cocrystallization studies with TRAF3.

We purified the recombinant TRAF domain of TRAF3 (residues 376 to 565) and

synthesized a peptide containing the TIM sequence of Cardif (residues 138 to 158) (8).

Equimolar amounts of the TRAF3 and Cardif peptides were mixed and cocrystallized.
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Crystals obtained were diffracted to 2.3 Å. The TRAF3-Cardif crystal adopted a P321 space

group with one complex in an asymmetric unit; its structure was calculated by molecular

replacement method, with the TRAF domain of TRAF3 as an initial searching model. Table

1 gives a summary of crystallographic data and refinement statistics. The Cardif peptide is

observed in the Fo − Fc map: The Cardif peptide binds to TRAF3 at the edge of the b-

sandwich crevice with a stoichiometry of 1:1 (Fig. 1A). After extensive refinement, 10

amino acids from Cardif including the sequence 138PSCPKPVQDT147 were

unambiguously built for the backbone and side chains (Fig. 1B). Electron density plots for

148QPPE151 had poor resolution, suggesting that the C terminus of the Cardif peptide is

flexible. The Gln148 of Cardif has alternative confirmations (fig. S2). However, from the

structure, these different conformations of Gln148 do not substantially influence the binding

of Cardif peptide with TRAF3. To identify the smallest peptide capable of binding TRAF3,

we further truncated the Cardif peptide. Because pulldown assays indicated that the 13-

residue peptide observed in the crystal structure (including residues 138 to 150) was

sufficient for TRAF3 recruitment, we used this peptide for subsequent in vitro functional

assays.

Previous reports have determined that the edge of the b-sandwich TRAF-C domain of

TRAF3 is a key docking site for mediating ligand interactions in NF-kB pathways (21).

Crystal structures of the TRAF domain of TRAF3 indicate that ligand peptides adopt one of

two conformations within this crevice (21). The TIMs of CD40 and LTbR present with an

imbedded “hairpin” configuration; in comparison, the TIMs of BAFF-R, TANK, and LMP1

present with a more open “boomerang” configuration. Our structure showed that similar to

BAFF-R, TANK, and LMP1, the TIM of Cardif adopts an open conformation in the TRAF

crevice of TRAF3 (Fig. 1C). Although it is not clear why the different ligands adopt

different conformations, we suggest that TRAF3 uses the same crevice when binding to its

ligand Cardif in the IFN pathway.

Interactions between the TRAF domain of TRAF3 and the TIM of Cardif

We structurally mapped the TRAF3-Cardif binding interface. The residues 143PVQDT147

in Cardif mediate the interaction with TRAF3; similar to the PXQXT peptides in CD40,

TANK, and LMP1 (15, 16, 19), these five residues bind the conserved crevices of the b-

sandwich region (Fig. 1, C and D). Our structure defined on a molecular level the specific

interactions that these Cardif residues form with TRAF3's three hotspot clusters in the

crevices. Phe474, Phe511, and Phe520 in TRAF3 form a hydrophobic pocket that binds

Pro143 (in the sequence 143PVQDT147) in Cardif. The serine residues Ser517, Ser518, and

Ser519 in TRAF3 determine a set of serine fingers that form a network of hydrogen bonds to

Gln145 (in the sequence 143PVQDT147) in Cardif. Three additional TRAF3 residues—

Arg456, Tyr458, and Asp462—define a hydrophilic region that generates multiple dipole-

dipole interactions with Cardif. The guanidinium group of Arg456 and the hydroxyl group

of Tyr458 hydrogen-bond to a carboxyl group on Asp146 in Cardif (in the sequence

143PVQDT147); the carboxyl group of Asp462 interacts with the amine and hydroxyl

groups of Thr147 in Cardif (143PVQDT147). Our structure provides a means by which the

point mutation T147I in Cardif disrupts its interaction with TRAF3: T147I in Cardif disrupts
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a critical hydrogen bond that forms between Asp462 of TRAF3 and a carbonyl group of

Thr147 in wild-type Cardif (8).

Our structure also located molecular interactions important for TRAF3-Cardif binding that

involved the sequence 143PVQDT147 in Cardif but were independent of the conserved

hotspot residues of TRAF3 (Fig. 1D). The carboxyl group of Gly532 in TRAF3 hydrogen-

bonds to the amino group of Val144 in Cardif (in the sequence 143PVQDT147). Ser531 in

TRAF3 provides an amino group that hydrogen-bonds to the carboxyl group of Val144 in

Cardif (in the sequence 143PVQDT147). Ala530 in TRAF3 provides a carboxyl group that

hydrogen-bonds to the amino group of Asp146 in Cardif (in the sequence 143PVQDT147).

Unexpectedly, we observed a disulfide bond between Cys533 in TRAF3 and Cys160 in

Cardif in our structure's electron density map (Fig. 1D). However, we believe that this

covalent bond is an artifact that most likely formed as a result of oxidation that occurred

during the crystallization process.

Structure of the TRAF domain of TRAF5

We determined the crystal structure of the TRAF domain of TRAF5 with a molecular

replacement method, starting with the C-TRAF domain of TRAF3 as an initial model. To

obtain a well-diffracted crystal, we truncated our TRAF5 construct at the N-TRAF domain,

so that the construct covered residues 381 through the C-terminal end of TRAF5 (Fig. 2A).

The crystal adopts a P212121 space group, with three molecules in one asymmetric subunit.

Summaries of crystallographic data and refinement statistics are presented in Table 1. Our

structure showed that TRAF5 forms a homotrimer with the typical mushroom-like structure

that is characteristic of TRAF proteins. N-terminal coiled-coil motifs (TRAF5 residues 381

to 399) fold into the a helices that form the mushroom's stalk. The mushroom's cap is

composed of an eight-stranded b-sandwich fold, consisting of residues 405 to 558. The two

layers of an antiparallel b strand, b1 to b8, form a hydrophobic core.

The C-terminal 150 amino acids of TRAF3 and TRAF5 share 65% identity (Fig. 2B). When

crystal structures of the C-terminal TRAF domains of TRAF3 (residues 416 to 567) and

TRAF5 (residues 405 to 558) are superimposed, the main chain root mean square deviation

(RMSD) between the TRAF domain of TRAF5 and that of TRAF3 is only 0.70 Å,

suggesting that these two structures are very similar (Fig. 2C). One clear distinction between

the two structures is the angle between the stalk and the cap of the mushroom (Fig. 2C). We

suggest that this is caused by different degrees of flexibility in the hinge regions between the

stalk and the cap (residues 400 to 404) of the two molecules.

Our structure confirmed previously predicted hotspot clusters in the TRAF domain of

TRAF5, and showed that these hotspots form crevices for binding adaptor proteins. Phe463,

Phe500, and Phe509 form a hydrophobic pocket; Arg445, Tyr447, and Asp451 make up a

polar pocket; and three sequential serine residues, Ser506, Ser507, and Ser508, form a set of

hydrophilic “serine fingers” (Fig. 2, B and C). When we compared the crevice residues

between the TRAF domain of TRAF3 and the TRAF domain of TRAF5, we found that the

hotspot residues from TRAF3 and TRAF5 can be superimposed very well (Fig. 2C).

Because TRAF5 cannot replace TRAF3 in the RIG-I–mediated type I IFN pathway (8), we
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suggest that other critical residues located outside this well-characterized binding crevice are

involved in mediating the specific binding of TRAF3 to Cardif.

Structural comparison of the TRAF domains of TRAF3 and TRAF5

To determine on a molecular level why the TIM of Cardif binds the TRAF domain of

TRAF3 but not that of TRAF5, we analyzed the residues in TRAF3 and TRAF5 located near

the Cardif binding crevice using sequence and structural alignment. Two residues drew our

attention. The corresponding residues in TRAF3 are Phe473 and Tyr440 and in TRAF5 are

Tyr462 and Phe429 (Fig. 2, B and C). Although both residues are aromatic amino acids and

are located on the surface of the b-sandwich domain and not within the crevice, we predicted

that these two nonconserved residue positions contributed to the different binding abilities of

TRAF3 and TRAF5 for Cardif.

To determine whether Phe473 and Tyr440 in TRAF3 were necessary for the binding of

TRAF3 to Cardif, we generated a panel of purified TRAF domain oligopeptides, which

included wild-type TRAF3 and TRAF5, TRAF3 F473Y, TRAF3 Y440F, and TRAF3

F473Y/Y440F, and examined the interactions of these peptides with the GST-Cardif TIM

fusion proteins. As expected, the Cardif TIM associated with a peptide corresponding to the

TRAF domain of wild-type TRAF3 but not wild-type TRAF5 (Fig. 3A). In agreement with

our structure-based prediction that Phe473 and Tyr440 in TRAF3 enable TRAF3 to bind

Cardif, none of the TRAF3 mutant peptides (F473Y, Y440F, or F473Y/Y440F) associated

with the TIM of Cardif (Fig. 3A).

We reasoned that if sequence differences between these two corresponding residue positions

were indeed responsible for the dissimilar Cardif binding abilities of TRAF3 and TRAF5,

then mutation of these residues in TRAF5 to the corresponding TRAF3 residues should

confer TRAF3-like binding ability for Cardif on TRAF5. To test this hypothesis, we

performed the GST-Cardif TIM pulldown assay with the TRAF5 Y462F, F429Y, and

F429Y/Y462F TRAF domain peptides, as well as the wild-type TRAF3 and TRAF5

peptides. All three TRAF5 TRAF domain mutants, but not wild-type TRAF5, associated

with the TIM of Cardif (Fig. 3A).

We also wanted to confirm that the full-length point-mutant TRAF5 proteins interacted with

Cardif. We performed GST pulldowns using a GST-Cardif TIM incubated with lysates from

293T cells expressing wild-type TRAF3 or TRAF5 or full-length TRAF5 Y462F or TRAF5

F429Y. As expected, wild-type TRAF3, but not wild-type TRAF5, associated with the TIM

of Cardif. In confirmation of our hypothesis that we could switch TRAF5 toward a more

TRAF3-like Cardif-binding phenotype, both TRAF5 Y462F and TRAF5 F429Y interacted

with the TIM of Cardif (Fig. 3B).

We were surprised that the two residue positions, Phe473 and Tyr440 in TRAF3 and Tyr462

and Phe429 in TRAF5, played such a central role in mediating interactions with Cardif. The

TRAF3 mutant Y440Awas previously reported to have reduced ability to bind to Cardif (8).

Unfortunately, our electron density map was unclear for the C-terminal region of the Cardif

TIM motif, which is spatially situated to form potential interactions with the TRAF3 residue

Tyr440 (fig. S2). In lieu of further structural evidence, we hypothesized that the phenol
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moiety of Tyr440 forms a hydrogen bond with a carbonyl group on the main chain of Cardif,

and that this interaction is destroyed upon replacement of Tyr440 with either a

phenylalanine, as in TRAF5, or an alanine, as in the TRAFA3 Y440A mutant (Fig. 3C). Our

in vitro pulldown experimental results confirmed this hypothesis. Cardif peptides with

mutations in the C-terminal region, such as P149A, P149S, and P150A, showed reduced

binding to TRAF3. Other mutants, such as Cardif 138–148 and P150S, did not bind to

TRAF3 (fig. S3). These results show that the TRAF3 binding site in Cardif covers amino

acid residues beyond just the minimum 143PVQDT147 motif.

Our TRAF3-Cardif structure indicated that there should be sufficient space around Phe473

in TRAF3 to accommodate substitution of a tyrosine residue, as in either TRAF3 F473Y or

the corresponding residue in TRAF5, Tyr462. Although the structure did not show direct

interactions between Phe473 in TRAF3 and the Cardif peptide, we wondered whether the

phenol moiety of Phe462 played a role in disrupting interactions with Cardif. Our structure

showed that in TRAF5, Phe462 lies adjacent to Asp451 (which corresponds to Asp462 in

TRAF3). The carboxyl group of Asp462 in TRAF3 interacts with the amino group of

Thr147 in Cardif, and disruption of this interaction is sufficient to ablate the formation of the

TRAF3-Cardif complex (Fig. 3C). Therefore, we hypothesize that Tyr462 in TRAF5

interacts with Asp451, thereby blocking the formation of the TRAF5-Cardif complex by

preventing the establishment of hydrogen bonds between Asp451 in TRAF5 and Thr147 in

Cardif.

Abolished antiviral function of TRAF3 F473Y and Y440F mutants

Next, we tested whether variants of TRAF3 in which these two residues were mutated to the

corresponding TRAF5 residues (TRAF3 F473Yand Y440F) retained antiviral function.

Because Cardif is required to recruit TRAF3 upon viral RNA recognition in the TLR-

independent IFN secretion pathway, we reasoned that the decreased binding abilities of the

TRAF3 F473Y and Y440F mutants for Cardif would attenuate TRAF3-Cardif–dependent

antiviral responses.

We reconstituted TRAF3−/− mouse embryo fibroblasts (MEFs) with wild-type TRAF3,

wild-type TRAF5, TRAF3 F473Y, TRAF3 Y440F, or TRAF3 F473Y/Y440F (Fig. 4A). We

assessed the production of type I IFNs by the reconstituted MEFs in response to infection

with a form of vesicular stomatitis virus (VSV) that coexpresses green fluorescent protein

(GFP) (Fig. 4B). Compared to cells reconstituted with wild-type TRAF3, those reconstituted

with TRAF3 F473Y, Y440F, or F473Y/Y440F mutants showed reduced secretion of IFN-b

after infection with VSV-GFP. Our results suggest that the TRAF3 F473Y and Y440F

mutants abrogate type I IFN production on viral infection.

We next assessed the antiviral state of the reconstituted MEF cell lines after infection with

VSV-GFP. We used GFP fluorescence as an indirect measure of viral replication and

quantified it as the percentage of VSVGFP– positive cells (reflecting infection across a cell

population) multiplied by the geometric mean of the fluorescence intensity (which accounts

for the degree of infection within individual cells). As an additional validation, we used viral

plaque assay to measure live, infectious virions as a direct measure of viral replication. As

expected, cells reconstituted with wild-type TRAF3 were resistant to infection, evidenced by
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both their low amounts of GFP fluorescence and low viral titers, whereas cells reconstituted

with wild-type TRAF5 or vector were more susceptible to infection, as evidenced by both

high amounts of GFP fluorescence and high viral titers (Fig. 4, C and D). Cells reconstituted

with TRAF3 F473Y, Y440F, or F473Y/Y440F had an intermediate phenotype. They

showed increased GFP fluorescence compared to wild-type TRAF3-reconstituted cells but

less GFP fluorescence compared to cells reconstituted with wild-type TRAF5; similarly,

their viral titers were about fivefold higher than those of cells reconstituted with wild-type

TRAF3 but were twofold less than those of cells reconstituted with wild-type TRAF5 (Fig.

4, C and D).

Acquired antiviral function of TRAF5 F429Y and Y462F

Next, we tested whether mutation of these two TRAF5 residues to the corresponding

TRAF3 residue (TRAF5 Y462F and F429Y) endowed TRAF5 with TRAF3-like antiviral

function. Because Cardif is required for TRAF3 recruitment upon viral RNA recognition in

the TLR-independent IFN secretion pathway, we theorized that the increased binding of the

TRAF5 Y462F and F429Y mutants to Cardif could allow them to partially rescue TRAF3-

dependent antiviral responses in TRAF3-deficient cells. We reconstituted TRAF3−/− MEFs

with wild-type TRAF3, wildtype TRAF5, TRAF5 Y462F, and TRAF5 F429Y (Fig. 5A).

We assessed the production of type I IFNs by the reconstituted MEFs in response to

infection with both Sendai virus and VSV-GFP (Fig. 5, B and C). Compared to cells

reconstituted with wild-type TRAF3 and TRAF5, secretion of IFN-a and IFN-b after

infection with Sendai virus and VSVGFP, respectively, was significantly increased in cells

reconstituted with the TRAF5 Y462F or F429Y mutants as compared to cells reconstituted

with wild-type TRAF5. Similarly, as compared to reconstitution with wildtype TRAF5, cells

reconstituted with the TRAF5 Y462F or F429Y mutants showed increased expression of

IFN-b mRNA and of IP10 and MX1 mRNAs (both of which are IFN-stimulated genes) at 8

and 12 hours after infection with VSV-GFP. Our results suggested that the TRAF5 Y462F

and F429Y mutants restored type I IFN production on viral infection.

We also assessed the antiviral responses of the reconstituted MEFs by quantification of GFP

fluorescence and viral titers after infection with VSV-GFP. As expected, cells reconstituted

with wild-type TRAF3 were resistant to infection, evidenced by both their low GFP

fluorescence and low viral titers, whereas cells reconstituted with wild-type TRAF5 or

vector were more susceptible to infection, as evidenced by both high GFP fluorescence and

high viral titers. TRAF5 Y462F– or TRAF5 F429Y–reconstituted cells had an intermediate

phenotype: They showed increased GFP fluorescence compared to TRAF3-reconstituted

cells but much less GFP fluorescence compared to cells reconstituted with wildtype TRAF5,

and their viral titers were about 10-fold lower than those of cells reconstituted with wild-

type TRAF5 (Fig. 5, D and E).

We also generated single-cell clones for each mutant and wild-type TRAF5 construct.

Although cells in a polyclonal population express different amounts of reconstituted protein,

individual cells within a clonal cell line will express the same amount of reconstituted

protein. Polyclonal populations therefore examine an average phenotype (cells with uneven

expression of TRAF3 or TRAF5 can exhibit a corresponding spectrum of phenotype), but
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our experiments with the clonal cell lines allowed us to examine the effects of TRAF3 and

TRAF5 at a given, uniform amount of expression. In agreement with our results using the

polyclonal reconstituted cell lines, we found that clonal reconstitution with the TRAF5

Y462F or F429Y mutants, but not wild-type TRAF5, rescued resistance to VSV-GFP

infection (Fig. 5F). Our findings suggest that, in agreement with our structure-based

predictions, the TRAF5 Y462F or F429Y mutants can at least partially rescue resistance to

VSV-GFP infection in TRAF3−/− MEFs.

Discussion

TRAF3 plays an important role in activating type I IFN secretion through both TLR-

dependent and TLR-independent pathways (6). In the TLR independent pathway,

cytoplasmic RNA sensors recruit the adaptor Cardif, which in turn associates with and

activates TRAF3. The structural basis for the TRAF3-Cardif interaction is still not clear,

although three potential TRAF binding sites in Cardif have been reported (9, 10). The

recruitment of TRAF3 to Cardif is determined through its TRAF domain, and hybrid

TRAF5 proteins containing the TRAF domain of TRAF3 gain the ability to bind to Cardif

(8). Here, we present crystal structures of TRAF5 and the TRAF3-Cardif complex. Analysis

of these structures has allowed us to dissect on the molecular level a structural basis for the

interaction of TRAF3 with Cardif and its critical role in RIG-I–mediated type I IFN

activation. Here, on the basis of crystal structure analysis and coprecipitation experiments,

we suggest that TRAF3 can directly associate only with residues 138 to 153 of Cardif

(138PSCPKPVQDTQPPESP153, which encompasses T2BM), and not with residues 151 to

165 or 425 to 439 of Cardif (which encompass T6BM1 and T6BM2, respectively).

Superposition of the TRAF3-Cardif and TRAF5 crystal structures allowed us to compare

corresponding crevice residues between the TRAF domains of TRAF3 and TRAF5. We

identified two residues that are not conserved between TRAF3 and TRAF5: The

corresponding residues in TRAF3 are Phe473 and Tyr440 and in TRAF5 are Tyr462 and

Phe429. The TRAF3 mutant Y440A was previously reported to have reduced Cardif binding

(8). We reasoned that if sequence differences between these two corresponding residue

positions were indeed responsible for the dissimilar abilities to bind to Cardif and the RIG-

I–mediated antiviral activity of TRAF3 and TRAF5, then point mutations of these residues

in TRAF5 to the corresponding TRAF3 residue should switch TRAF5 toward a TRAF3-like

function. We showed that two point mutations in the TRAF domain of TRAF5, Y462F and

F429Y, give TRAF5 a TRAF3-like function in Cardif binding and in regulating TLR-

independent IFN secretion. Considering the different physiological roles of TRAF3 and

TRAF5, it is interesting that a single amino acid substitution can switch TRAF5 toward a

TRAF3-like specificity.

It will be interesting to investigate how and if these same sites in the TRAF domain of

TRAF3 determine binding specificity to other TRAF3 binding partners. Ely et al. have

reported that TRAF domain binding crevices undergo subtle structural adjustments when

bound to different proteins (22). When human TRAF3 is recruited by TANK, they suggested

that the phenyl ring of Tyr377 (corresponding to mouse residue Tyr440) rotates away from

an adjacent b strand, thereby disrupting a salt bridge with Arg393 to form a new
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hydrophobic interaction with Leu193. Given the role of TRAF3 in both TLR-dependent and

TLR-independent type I IFN pathways, it will be interesting to determine the interactions

between TRAF3 and its adaptors in the TLR-dependent pathway. Ligation of TLRs causes

the recruitment of Toll/interleukin-1 receptor (TIR) domain–containing adaptor proteins,

including myeloid differentiation primary response gene 88 (MyD88) and TIR domain–

containing adaptor–inducing IFN-b (TRIF), to the signaling complex and triggers activation

of downstream transcription factors. Whereas TLR3/4 (TLR3 and TLR4) and TLR7/8/9

trigger IFN secretion through a TRAF3-dependent process, TLR3/4 recruit TRAF3 through

TRIF, and TLR7/8/9 recruit TRAF3 through the adaptor protein MyD88 (6, 23). It will be

interesting to determine the residues in TRAF3 that mediate interactions between TRAF3

and MyD88 or TRIF, and to further characterize the possible dynamic structural adaptation

these residues undergo to accommodate interactions with the diverse binding partners of

TRAF3. It will also be interesting to learn whether the TRAF5 Y462F and F439Y mutants

gain function in TLR-dependent IFN secretion, as well as other TRAF3-regulated signaling

pathways including BAFF-R and alternative NF-kB activation.

Our results elucidate a structural basis for the selective role of TRAF3 within the TRAF

family in promoting RIG-I–mediated type I IFN secretion. Because type I IFN has a

pathogenic role for certain autoimmune disorders including systemic lupus erythematosus, a

TRAF3 signaling blockade mediated through the TRIF and MyD88 adaptors could

conceivably be a therapeutic target. However, because TRAF3 regulates so many signaling

cascades, a complete blockade of TRAF3 signaling would have distinctly decreased utility.

Further understanding of the structural specificities of TRAF3 for its various ligands,

including Cardif, could allow the development of small-molecule therapeutics that are

targeted to the ligand-binding pockets of TRAF3 and designed specifically to inhibit the

interaction of TRAF3 with only a subset of ligands. Our results illustrate that by affecting

interactions with signaling adaptors, even seemingly minor structural differences between

TRAF family members can alter their function. Further analysis of how structural

differences in TRAF proteins determine their specific functions will improve efforts to

intelligently guide immunological responses to pathogens and autoimmune stimuli.

Materials and Methods

Constructs and protein expression and purification

The TRAF domain of mouse TRAF3 (residues 376 through the C terminus) was cloned into

a pET21b vector (Invitrogen). The plasmid was transformed into Escherichia coli strain

BL21(DE3) cells. Bacteria were cultured in LB medium at 310 K with ampicillin (100 mg/

liter). When the absorbance at 600 nm (A600) reached 0.6 to 0.8, the culture was induced

with 0.5 mM isopropyl-b-D-thiogalactopyranoside (IPTG); bacteria were harvested 4 hours

after induction by centrifugation at 5000 rpm for 10 min. The pellet was resuspended with

denaturing lysis buffer [6 M urea, 25 mM tris (pH 7.5), 5 mM imidazole, 5 mM b-

mercaptoethanol] and lysed by sonication. The lysate was separated by centrifugation at

30,700g for 30 min. The supernatant was bound to Ni-NTA (nickel–nitrilotriacetic acid)

beads (Qiagen Inc.) and washed several times with denaturing lysis buffer. TRAF3 was

refolded in urea gradient buffer (4 to 0 M) with 25 mM tris at pH 7.5 and 5 mMb-
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mercaptoethanol. To produce a shortened TRAF3 for crystallization, TRAF3 was digested

by trypsin (1:1000 molecular ratio) for 4 hours at 277 K. The reaction was terminated by the

addition of 1 mM phenylmethylsulfonyl fluoride (final concentration). The shortened

TRAF3 was further purified by gel filtration with a Superdex 75 column (GE Healthcare

Inc.) on fast-flow protein purification system.

The TRAF domain of TRAF5 (residues 365 through C terminus) was cloned into

pGEX-6p-1. The plasmids were transformed to BL21(DE3) cells grown in LB-ampicillin

medium at 37°C. When culture density reached 1.5 (A600), the bacteria were induced with

0.1 mM IPTG at 16°C for 24 hours. The bacteria were harvested by centrifugation at 7000g

for 10 min and lysed under 15,000 psi in 20 mM tris (pH 7.5), 150 mM NaCl, 5 mM EDTA,

1 mM dithiothreitol (DTT). GST tags were cleaved by PreScission Protease at 4°C for 16

hours. The TRAF domain of TRAF5 was separated by gel filtration with Superdex 200 (GE

Healthcare Inc.).

The Cardif peptide (138PSCPKPVQDTQPPESPVENSE158) used for cocrystallization with

TRAF3 was purchased from GL Biochem Ltd. and was 99% pure.

Crystallization

For cocrystallization of Cardif with TRAF3, the Cardif peptide was dissolved in filtered

water at 10 mg/ml and added to purified TRAF3. The ratio of Cardif peptides to TRAF3 was

1:1, and the final concentration was 3 to 4 mg/ml as confirmed by Coomassie blue staining

of SDS–polyacrylamide gel electrophoresis (SDS-PAGE). Crystals were observed in

multiple conditions as screened with the Crystal Screen and Index reservoir solutions

(Hampton Research Inc.) with hanging drops at 289 K. The crystals grew to a hexagonal

shape with usable size in the conditions of 0.1 M Hepes (pH 7.5), 10% polyethylene glycol

6000 (PEG6000), and 5% (v/v) 2-methyl-2,4-pentanediol.

The TRAF5 TRAF domain [crystallization buffer: 20 mM tris (pH 7.5), 150 mM NaCl, 5

mM EDTA, 1 mM DTT] was crystallized with 0.1 M ammonium acetate, 0.1 M bis-tris (pH

6.5), 15% (w/v) PEG10000 in a hanging-drop diffusion system at 16°C.

Crystallographic analysis

Diffraction data were collected at the Photon Factory, KEK (Japan) and Shanghai

Synchrotron Radiation Facilities (SSRF, China). Crystals were flash-frozen before data

collection with 10% glycerol. Data were processed by HKL2000 (24). The structure of

TRAF5 was solved by Phaser (25) with a molecular replacement method. The native

truncated TRAF3 atomic coordinates 2GKW were used as an initial model. The TRAF3/

Cardif complex was refined with the native TRAF3 atomic coordinates. An Fo −Fc

difference map was used to build the Cardif peptide. Structure refinement and model

rebuilding were done iteratively with Phenix (26) and Coot (27). The Ramachandran plots

were generated with Procheck (28); 97.44 and 2.56% of the amino acids in TRAF3/Cardif

and 95.98 and 4.02% of the amino acids in TRAF5 were in the most favorable and

additional allowed regions, respectively. No amino acids were in the disallowed region. The

atomic coordinates and diffraction data have been deposited in the Protein Data Bank

(4GHU for TRAF3/Cardif and 4GJH for TRAF5). All figures were prepared by Coot and
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Pymol (http://www.pymol.org/). The angle between the N-terminal a helices in TRAF3 and

TRAF5 in Fig. 2C was calculated with Pymol. The superposition is performed with Coot

with the C-TRAF domains (TRAF3 416–559 and TRAF5 353–498).

Reagents

Anti-FLAG (M2) antibodies were obtained from Sigma. Anti-Hsp90a/b (H-114) antibodies

were obtained from Santa Cruz Biotechnology. FuGENE 6 reagent was purchased from

Roche. VSVs expressing GFP were gifts from G. Barber.

Constructs

GST-Cardif (TIM) was constructed as previously described (29). Murine TRAF3, TRAF5,

and mutant constructs were generated as previously described in either pBABE-puromycin

or pBABE-puro-TAP retroviral vectors with N-terminal FLAG tags (8). Single point

mutants of TRAF3 and TRAF5 were constructed with a QuikChange kit (Stratagene) and

the pBABE-puro-TAP-TRAF3 vector as template.

Cell culture and reconstitution

Human embryonic kidney (HEK) 293T cells were maintained in Dulbecco's modified

Eagle's medium (Gibco) supplemented with 10% fetal bovine serum, penicillin (100 U/ml),

and streptomycin (0.1 mg/ml). We performed transient transfection of HEK 293T cells using

standard calcium phosphate methods. To reconstitute TRAF3−/− cells, we transfected HEK

293T cells with aMoloney murine leukemia virus-yA helper construct plus either pBABE-

puro alone or the indicated pBABE-puro construct using FuGENE 6. TRAF3−/− cells were

then infected with the filtered 293T cell supernatants and then selected with puromycin (5.0

mg/ml).

Immunoblotting

Cells were lysed in modified radioimmunoprecipitation assay buffer containing 0.5% (v/v)

NP40 and 0.1% (w/v) sodium deoxycholate supplemented with protease inhibitor tablets

(Roche). Equal amounts of whole-cell lysates were resolved by 8% SDS-PAGE and

analyzed by Western blotting with the indicated antibodies.

GST pulldown assays

GST pulldown assays were performed as previously described (8). Glutathione beads

(Sigma-Aldrich) were incubated with E. coli–expressed GST alone or GST-TIM for 12

hours. Glutathione beads were then washed and incubated for 12 hours with lysates of 293T

cells expressing the indicated TRAF3 or TRAF5 constructs. For Fig. 3A and figs. S1 and S3,

the TRAF3 or TRAF5 proteins were purified as described above. After being washed,

proteins were eluted from the beads, resolved by 8% SDS-PAGE, and analyzed by Western

blotting with the indicated antibodies, as described previously (8). All these results were

confirmed by three independent experiments.
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Viral inhibition assays

Viral inhibition experiments were performed as described previously (6). Reconstituted

TRAF3−/− MEFs were infected with either VSV-GFP or Sendai virus; cell supernatants

were collected 12 hours after infection for analysis by enzyme-linked immunosorbent assay,

plaque assay, and measurement of GFP fluorescence.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Structure of the TRAF3-Cardif complex. (A) Representation of TRAF3 homotrimers, shown

from both side (left) and top (right) views. The Cardif peptide is in lavender. (B) Electron

density map of Cardif bound to TRAF3. The blue meshwork represents the 2Fo – Fc

electron density map contoured at 1.2. TRAF3 is gray; the Cardif peptide backbone is

lavender. Cardif residues 143PVQDT147 are labeled. (C) Different peptides binding to

TRAF3. The surface of TRAF3 is gray; peptides shown are from Cardif (lavender), CD40

(green), TANK (cyan), LTβR (yellow), LMP1 (blue), and BAFF-R (orange). (D) Molecular

TRAF3-Cardif interactions. Key TRAF3-Cardif interactions are shown by yellow dotted

lines. Conserved hotspot residues—the hydrophobic patch, serine fingers, and polar residues

—are in gray, cyan, and blue, respectively. For clarity, only one of the alternative

confirmations of Cardif is shown in (A) and (D).
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Fig. 2.
Structural comparison of TRAF5 and TRAF3. (A) Representation of TRAF5 homotrimers.

(B) Sequence alignment of the TRAF domains of TRAF3 and TRAF5. The hotspot residues

in the hydrophobic patch, serine fingers, and polar residues are labeled as stars, dots, and

squares, respectively. The amino acids that play crucial roles in “switching” TRAF5 to

TRAF3 are highlighted by black arrows. (C) Superposition of TRAF3 and TRAF5

structures. TRAF3 is gray, and TRAF5 is cyan. Conserved hotspot residues, Phe473 and

Tyr440 in TRAF3 and Tyr462 and Phe429 in TRAF5, are shown within the magnified insert.
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Fig. 3.
Tyr440 and Phe473 in TRAF3 are necessary for interaction with Cardif. (A) Immunoblot

analysis of interactions between a 13-residue Cardif peptide (residues 138 to 150) and the

TRAF domains of wild-type (WT) TRAF3, WT TRAF5, TRAF3 mutants (left), and TRAF5

mutants (right). (B) Lysates from cells expressing FLAG-tagged WT TRAF3, WT TRAF5,

TRAF5 Y462F, and TRAF5 F429Y constructs were immunoprecipitated with GST-Cardif

TIM and immunoblotted for the FLAG epitope. (C) The presumed interactions (orange

dotted line) between TRAF3 (left) and Cardif are absent in TRAF5 (right). Results in (A)

and (B) are confirmed by three independent experiments.
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Fig. 4.
TRAF3 Y440F and F473Y lose antiviral function. (A) Immunoblot of TRAF3−/− MEFs

reconstituted with WT TRAF3, WT TRAF5, TRAF3 F440Y, TRAF3 Y473F, or TRAF3

F440Y/Y473F. (B) IFN-β production was assessed in reconstituted TRAF3−/− MEFs

infected with VSV-GFP. (C) Viral titer was assessed in reconstituted TRAF3−/− MEFs

infected with VSV-GFP (D). VSV-GFP fluorescence was quantified and calculated by the

product of the percent GFP-positive cells and the geometric mean fluorescence intensity of

GFP. Results represent an average of three independently analyzed biological replicates and

were confirmed by three separate experiments. Error bars indicate the SD. Unpaired t test

(two-tailed), n = 3. *P < 0.05; **P < 0.01.
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Fig. 5.
The TRAF5 Y462F and F429Y mutants gain TRAF3-like antiviral function. (A)

Immunoblot of TRAF3−/− MEFs that were reconstituted with WT TRAF3, WT TRAF5,

TRAF5 F429Y, TRAF5 Y462F, or vector. (B) IFN-α production by Sendai virus–infected

reconstituted TRAF3−/− MEFs and IFN-β production by VSV-GFP–infected reconstituted

TRAF3−/− MEFs. (C) mRNA was collected at 0, 4, 8, and 12 hours after infection with

VSV-GFP and assayed by quantitative polymerase chain reaction for induction of IFN-β,

IP10, and MX1. (D and E) Viral titer was assessed in reconstituted TRAF3−/− MEFs

infected with VSV-GFP (D). VSV-GFP fluorescence was quantified (E). (F) Single-cell

clones were generated from stably reconstituted TRAF3−/− MEFs. GFP fluorescence was

determined in cells infected with VSV-GFP. Single-cell clones from cells reconstituted with

TRAF5 F429Y (left) and Y462F (right) were tested in separate experiments. Plots represent

average GFP fluorescence of three single-cell clones per construct. All results represent an

average of three biological replicates and were confirmed by three separate experiments.

Error bars indicate the SD. Unpaired t test (two-tailed), n = 3. *P < 0.05; **P < 0.01.
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Table 1

Data collection and refinement statistics (molecular replacement).

TRAF3-Cardif TRAF5

Data collection

Detector SSRF 17U KEK BL5A

Space group P321 P212121

Cell dimensions

a, b, c(Å) 83.491, 83.491, 78.194 71.053, 90.579, 117.216

α, β, γ(°) 90, 90, 120 90, 90, 90

Resolution (Å) 2.20 (2.20−2.24)* 2.80(2.80−2.85)*

Rmerge 0.185(0.689) 0.169(0.503)

||σ| 16.84(2.74) 18.8(5.5)

Completeness (%) 99.9(100) 93.8(100)

Redundancy 6.9(5.9) 10.5(11.0)

Refinement

Resolution (Å) 2.20−36.8 2.80−33.1

No. reflections 15,312 16.783

Rwork/Rfree 0.178/0.223 0.224/0.273

No. atoms

Protein 1,651 4,228

Ligand/ion 0 0

Water 151 44

B-factors

Protein 33.0 50.7

Water 33 5 32.8

RMSDs

Bond lengths (Å) 0.007 0.011

Bond angles (°) 1.042 1.156

*
Values in parentheses are for the highest-resolution shell.
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