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SUMMARY

TRAF1/2 and clAP1/2 are members of the TNF
receptor-associated factor (TRAF) and the inhibitor
of apoptosis (IAP) families, respectively. They are crit-
ical for canonical and noncanonical NF-kB signaling
pathways. Here, we report the crystal structures of
the TRAF2: clAP2 and the TRAF1: TRAF2: clAP2
complexes. A TRAF2 trimer interacts with one clAP2
both in the crystal and in solution. Two chains of the
TRAF2 trimer directly contact clAP2, and key resi-
dues at the interface are confirmed by mutagenesis.
TRAF1 and TRAF2 preferentially form the TRAF1:
(TRAF2), heterotrimer, which interacts with clAP2
more strongly than TRAF2 alone. In contrast, TRAF1
alone interacts very weakly with clAP2. Surprisingly,
TRAF1 and one chain of TRAF2 in the TRAF1:
(TRAF2),: clAP2 ternary complex mediate interaction
with clAP2. Because TRAF1 is upregulated by many
stimuli, it may modulate the interaction of TRAF2 with
clAP1/2, which explains regulatory roles of TRAF1 in
TNF signaling.

INTRODUCTION

Genetic knockout studies have long established the role of TNF
receptor-associated factors (TRAFs) in NF-kB and MAP kinase
activation pathways in the signaling of multiple receptor families
in both innate and adaptive immunity (Yeh et al., 1999). In
contrast, the function of clAP1/2 has remained rather obscure
since their original identification as components of the TNF
receptor 2 (TNFR2) and other TNF receptor family signaling
complexes and as TRAF1/2-interacting proteins (Rothe et al.,
1995). Recent key discoveries illuminated the essential functions
of clAP1/2 as ES ligases in both the canonical and the noncanon-
ical NF-«B signaling pathways.

In the noncanonical NF-kB signaling pathway, TRAF2 and
clAP1/2 are critical components of the E3 complex that regulates
the stability of NIK, a kinase that phosphorylates IKKa and acti-

vates NF-kB (Petersen et al., 2007; Vallabhapurapu et al., 2008;
Varfolomeev et al., 2007; Vince et al., 2007; Zarnegar et al.,
2008). In unstimulated cells, TRAF2 interacts with TRAF3, which
in turn recruits NIK, thus bringing it to the vicinity of clAP1/2 for
K48-linked polyubiquitination and degradation. This suppresses
noncanonical NF-kB activation. Upon receptor stimulation,
clAP1/2 switches substrate specificity from NIK to TRAF2 and
TRAF3, allowing NIK to accumulate to activate the noncanonical
NF-kB pathway.

TRAF2 and clAP1/2 are also essential for activation of the
TNF-a-induced canonical NF-kB pathway (Mahoney et al.,
2008; Vince et al., 2009). Upon interacting with TNF-o,, TNFR1
recruits the adaptor protein TRADD, which in turn recruits
TRAF2 and RIP1 (Hsu et al., 1996a, 1996b). RIP1 becomes modi-
fied with K63-linked polyubiquitin chains, a process that is
essential for IKKB activation (Ea et al., 2006; Wu et al., 2006).
The ubiquitin ligase for RIP1 polyubiquitination has been
speculated to be TRAF2 (Lee et al., 2004b); however, our recent
structural analysis suggested that TRAF2 RING does not
possess K63-linked ubiquitin ligase activity (Yin et al., 2009b).
Consistent with our observation, TNF-a-induced RIP1 polyubi-
quitination is dependent on the TRAF2: clAP1/2 interaction,
but the TRAF2 RING domain is dispensable (Vince et al., 2009).
Instead, when both clAP1 and clAP2 were absent, RIP1 polyubi-
quitination was defective, with decreased phosphorylation of
IKKB (Mahoney et al., 2008; Varfolomeev et al., 2008) and
reduced cancer cell survival (Bertrand et al., 2008), demon-
strating that clAP1/2 also mediates K63-linked polyubiquitina-
tion of RIP1 (Yin et al., 2009b).

Unlike TRAF2, the role of TRAF1 in NF-«kB activation is less
clear. Accumulating data support its role as both a negative
and a positive modulator of signaling by certain TNF family recep-
tors, possibly in a cell type-dependent manner (Lee and Choi,
2007). TRAF1 is upregulated upon TNF-a signaling, and overex-
pression of TRAF1 inhibited NF-kB activation by many stimuli
(Carpentier and Beyaert, 1999). TRAF1-deficient T cells are
hyperresponsive to TNF-a, with enhanced proliferation and acti-
vation of the NF-kB and AP-1 signaling pathways (Tsitsikov et al.,
2001). However, TRAF1-deficient dendritic cells show attenu-
ated responses to secondary stimulation by TRAF2-dependent
factors (Arron et al., 2002), suggesting a positive regulatory role.
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clAP1 and clAP2 are often upregulated in many cancers, and
antagonizing IAPs has enormous promise in specific cancer
therapy (LaCasse et al., 2008). Abnormal expressions of
TRAF1 and TRAF2 are also present in a large number of lympho-
cyte malignancies (Zapata et al., 2007). In addition, a fusion of
clAP2 and MALT1 (clAP2.MALT1) as a result of chromosomal
translocation occurs frequently in MALT B cell lymphoma and
mediates constitutive NF-kB activation (Thome, 2004). The
ability of clAP2 to interact with TRAF2 has been shown to be crit-
ical for the clAP2.MALT1 chimera to activate NF-kB (Garrison
et al., 2009; Lucas et al., 2007). Collectively, these data suggest
the importance of TRAF1/2 and clAP1/2 in human diseases and
the potential in using them as therapeutic targets.

Most TRAF proteins share a common domain organization that
contains a RING, several zinc fingers, a TRAF-N domain, and
a conserved TRAF-C domain (Rothe et al., 1994). TRAF1 does
not have an N-terminal RING domain but can form hetero-
oligomers with TRAF2. clAP1 and clAP2 are composed of three
N-terminal BIR domains, a UBA domain, a CARD domain, and
a C-terminal RING domain (Rothe et al., 1995). Previous studies
have shown that the BIR domains of clAP1 and clAP2 directly
interact with TRAF1 and TRAF2 (Rothe et al., 1995; Samuel
et al., 2006; Varfolomeev et al., 2006).

Despite the importance of the TRAF2: clAP1/2 interaction, no
structural information is currently available. Here, we report
biochemical, structural, and cell biological studies on the inter-
action between TRAF2 and clAP2 and on the ability of TRAF1
to modulate this interaction.

RESULTS

Mapping the Interaction between TRAF2 and clAP2

Limited biochemical information is available on the interaction
between TRAF2 and clAP2. While the BIR1 domain of clAP1/2
has been shown to mediate its interaction with TRAF2 (Samuel
et al., 2006; Varfolomeev et al., 2006), efforts to map the region
of TRAF2 for interaction with clAP1/2 have produced only con-
flicting results (Rothe et al., 1995; Samuel et al., 2006). To initiate
mapping studies on TRAF2, we first coexpressed nontagged
clAP2 BIR1 domain (residues 26-99) with the His-tagged entire
C-terminal region of TRAF2 in E. coli. The His-tag pull-down cop-
urified nontagged clAP2 BIR1, confirming that the interaction
between TRAF2 and clAP2 is direct (Figure S1). We then trimmed
down the TRAF2 construct from both the N and the C termini and
determined their ability to interact with clAP2 (Figure S1).
Surprisingly, the TRAF-C domain of TRAF2 is dispensable for
clAP2 interaction, in contrast to the previous result (Samuel
et al., 2006). A number of TRAF2 constructs containing as short
as residues 266-329 interacted strongly with clAP2 BIR1.

Overall Structure of the TRAF2: clAP2 Complex

The construct of TRAF2 containing residues 266-329 yielded dif-
fracting crystals, both alone and in complex with the clAP2 BIR1
domain. The structure of the TRAF2: clAP2 complex was solved
at 2.6 A resolution by multiwavelength anomalous diffraction
(MAD) using the intrinsic zinc atom of the clAP2 BIR1 (Figures
1A and S2 and Table 1). The structure of TRAF2 alone was solved
by molecular replacement using the TRAF2 structure from the
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complex as a model (Table 1). The clAP2-binding region of
TRAF2 forms a continuous homotrimeric coiled coil, both alone
and in complex with clAP2. Most surprisingly, despite the
trimeric coiled-coil structure of TRAF2, each TRAF2 trimer inter-
acts with one, instead of three, clAP2 molecules in the crystal.
The trimeric coiled-coil structure of TRAF2 is reminiscent of the
previous structure of the TRAF domain of TRAF2 (residues
310-501) (Park et al., 1999). Remarkably, modeling of the full-
length TRAF2 structure using the current structure, the TRAF
domain structure, and structures of the N-terminal region of
TRAF2 and TRAF6 (Yin et al., 2009a, 2009b) showed a striking
~300 A long platform (Figure 1B) onto which many interacting
proteins may be docked.

TRAF2 and clAP2 Form a 3:1 Complex in Solution

To characterize the interaction between TRAF2 and clAP2 in
solution, we first performed multiangle light scattering (MALS)
measurement in line with gel filtration chromatography using
the TRAF2 construct containing residues 266-329. The measure-
ment revealed a molecular mass of the complex of 30.6 kDa,
which is consistent with the 33.6 kDa mass calculated for three
TRAF2 molecules and one clAP2 BIR1 molecule (Figure 1C).
We further performed isothermal titration calorimetry (ITC) to
independently confirm the interaction stoichiometry and to
reveal the interaction thermodynamics (Figure 1D and Table
S1). Indeed, the same 3:1 stoichiometry was shown, with a
measured N value of 0.3 (in agreement with the expected N value
of 0.333) for the titration of clAP2 to TRAF2. The interaction
exhibits a dissociation constant of 1.7 uM, a low micromolar
affinity common for interactions between signaling proteins.
The interaction is mainly contributed by favorable enthalpy,
which is consistent with the significant hydrophilic content of
the interaction (see below).

Interaction between TRAF2 and clAP2

and Structure-Based Mutagenesis

There are two potential TRAF2: clAP2 interfaces in the crystal
lattice with similar buried surface areas (Figure 2A). The first
interface buries a total of 1200 A? surface area and has a sum
of 126 direct van der Waals contacts. The second interface is
similar in buried surface area but with only 71 direct van der
Waals contacts. The shape complementarity (shape correlation
statistic) score (Lawrence and Colman, 1993) of the first interface
is 0.64, which is excellent, while the second interface gives
a good score of 0.61. These analyses suggest that the first
interface is somewhat more likely to be the physiological binding
interface in solution, which was further confirmed by mutagen-
esis shown below.

The interaction between TRAF2 and clAP2 at the first interface
is localized between residues 281 and 295 of TRAF2 and resi-
dues 27 and 52 of clAP2 (Figures 2B-2D). Two chains of
TRAF2 are in direct contact with clAP2, with one chain mediating
most of the interactions (the yellow chain in Figure 2B) and
another chain contributing additional residues (the green chain
in Figure 2B). For clAP2, residues from the a1 and a2 region
contact TRAF2. The interaction is both hydrophobic and hydro-
philic in nature (Figures 2E and 2F). A hydrophobic patch of
TRAF2 involving residues 1285 and V288 interacts with residues
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Figure 1. Crystal Structure of the TRAF2:

~§_ Residue 328 c ClAP2 (26-09): TRAF2 (266-329)-His complex  (jAps> Complex

! MW: 33.6 kDa . . . .
‘-] clAP2 MW: 8.439 kDa (A) A ribbon diagram of TRAF2 in complex with

b] 40,000+ TRAF2 MW: 8.383 kDa clAP2 BIR1 domain. The three TRAF2 chains are
[ shown in yellow, green, and cyan, respectively.
30.6 kDa (2%) clAP2 is shown in pink.

(B) Atomic model of full-length TRAF2 built from
the current structure, the structure of TRAF2 in
complex with a receptor peptide (Park et al.,
1999), and the N-terminal domain structures of
TRAF2 and TRAF6 (Yin et al., 2009a; Yin et al.,
2009b). ZF1-ZF4, zinc fingers 1-4; CC, coiled coil.
(C) MALS measurement of the TRAF2: clAP2
complex in line with gel filtration chromatography,
showing that the measured molecular mass is
consistent with a 3:1 complex of TRAF2 and
D clAP2. The horizontal axis shows the elution
volume, and the vertical axis shows the measured
molecular mass.

(D) ITC measurement for the titration of clAP2 into
TRAF2, showing a Kp of 1.7 uM and a stoichiom-
etry of 1:3 of clAP2 and TRAF2. See also Fig-
ure S1 and Table S1.
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L30, M33, and S34 of clAP2. Residue N284 of TRAF2 forms
a hydrogen bond with S37 of clAP2. R291 of TRAF2 forms
a salt bridge with E47 of clAP2. N290 and E292 of TRAF2 and
R48 of clAP2 form a cluster of salt bridges and hydrogen bonds.
E294 forms another salt bridge with R52 of clAP2. The TRAF2-
contacting residues are completely identical between clAP1
and clAP2 (Figure 2E), suggesting that TRAF2 interacts with
clAP1 in a similar manner and with similar strength. In contrast,
there are several differences between the clAP2-contacting resi-
dues of TRAF2 and TRAF1, suggesting that TRAF1 may not have
the same energetics of interaction with clAP2.

Structure-based mutagenesis experiments were first per-
formed on clAP2 to identify the most critical residues for TRAF2
interaction and to confirm the physiological interaction surface
(Figure 3A). To assess the mutational effects, we produced
His-tagged WT and mutant clAP2 to pull down Smt3-fused WT
TRAF2. Among the 12 single-site mutations, those that caused
drastic effects all mapped to the first interface, while mutations
on the second interface exhibited minimal effects. Only the
Y56A mutation of the second interface had an observable weak-
ening on the interaction. However, this effect may be attributed to

Molar Ratio

1 15 and nontagged WT CIAP2 (Figure 3B).
Among the 10 single site mutations of
TRAF2, 3 residues that are buried at
the interface, 1285, V288, and E292, con-
tribute most to the interaction. Their mutations to alanine radi-
cally diminished the interaction with clAP2. Mutations C287A,
N290A, and R291A also weakened the interaction with clAP2.
Interestingly, several residues at the peripheral region of the
interface did not cause observable effects when mutated, even
though they form hydrogen bonding interactions with clAP2
(Figure 2D). Our mutational results support the “hot spot” theory
that central, buried residues at an interface are the major contrib-
utors of binding energetics (Clackson and Wells, 1995).

Critical Residues in Full-Length TRAF2: clAP2
Interaction and Signaling

To further determine whether the observed interaction between
TRAF2 and clAP2 in the crystal structure depicted a physiological
interaction, we used coimmunoprecipitation (colP) to assess the
effects of structure-based mutations in full-length clAP2 and
TRAF2 in cells (Figures 3C and 3D). When Flag-tagged WT
clAP2 was immunoprecipitated, it pulled down associated
Myc-tagged WT TRAF2. clAP2 mutants defective in interacting
with TRAF2 in vitro, L30A and R48A, failed to pull down TRAF2
(Figure 3C). In contrast, clAP2 mutant F67A, which was designed
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Table 1. Crystallographic Statistics

TRAF2: clAP2 TRAF2 TRAF1: TRAF2: clAP2

Data Collection
Beamline NSLS X25 NSLS X29 NSLS X29
Space group 144 R3 144
Cell dimensions

a, b, c (A) 92.1, 92.1, 86.0 150.7, 150.7, 86.7 91.9,91.9, 88.7

o, B, ¥ (°) 90, 90, 90 90, 90, 120 90, 90, 90
Resolution (A) 37.0-2.6 33.4-2.6 32.5-2.8
Wavelength (A) 1.2822 (peak) 1.2832 (inflection) 1.2664 (remote) 1.0800 1.0800
Reym (%) 4.9 (39.9) 4.6 (40.1) 4.9 (39.3) 6.8 (37.6) 9.7 (48.0)
I/ol 29.5(1.8) 31.4 (1.8) 30.5 (2.0) 24.8 (4.3) 21.7 (2.7)
Completeness (%) 87.3 (36.9) 87.7 (37.1) 88.7 (46.4) 92.0 (46.0) 99.8 (99.7)
Redundancy 3.6 (2.4) 3.6 (2.4) 3.6 (2.5) 5.8 (5.1) 6.1 (4.4)
Refinement
Resolution (A) 32.6-2.6 33.4-2.6 32.5-2.8
No. reflections 9,689 20,821 8,753
Rwork/Réree 0.227/0.268 0.192/0.233 0.197/0.247
No. protein atoms 1,890 2,629 2,053
No. zinc atoms 1 0 1
Rmsds

Bond lengths (/Z\)/angles ) 0.019/1.7 0.006/1.0 0.009/1.14
Ramachandran plot

Most favored/allowed (%) 95.9/100.0 95.5/100.0 96.1/98.4

Values in parentheses are for the highest-resolution shell. See also Figure S2.

based on the alternative interface, did not have an observable
effect on TRAF2 interaction. Conversely, Flag-tagged WT
TRAF2 also pulled down Myc-tagged WT clAP2. The TRAF2
mutant E292A, defective in clAP2 interaction in vitro, failed to
pull down clAP2 (Figure 3D). The complete agreement of the
mutational effects in full-length TRAF2 and clAP2 in cells
confirmed the structural observation.

To further study the functional role of the TRAF2 mutants, we
introduced TRAF2 WT or TRAF2 E292A into Traf2~'~ MEFs by
the pBABE-Flag retroviral system. Noncanonical NF-kB activa-
tion was then examined by immunoblot with anti-NIK. As
expected, expression of TRAF2 WT in Traf2~~ MEFs restored
NIK to the low normal basal level. However, expression of
the clAP2-binding-deficient mutant of TRAF2 failed to do so
(Figure 3E). We also examined the canonical NF-kB activation
after TNF-o stimulation in Traf2~/~Traf5~/~ MEFs reconstituted
with TRAF2 WT or TRAF2 E292A. Cells reconstituted with the
binding-deficient mutant of TRAF2 failed to restore TNF-a-
induced NF-«B activation, while cells reconstituted with TRAF2
WT restored TNF-induced NF-kB activation, as evidenced by
IkBo degradation (Figure 3F).

Asymmetry and Anticooperativity in the TRAF2: clAP2
Interaction

We analyzed the TRAF2 structure in the complex with clAP2 to
understand why only one clAP2 is bound to trimeric TRAF2.
We first wondered if three clAP2 molecules bound to a TRAF2
trimer would cause steric hindrance among one another, which,
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however, was not correct (Figure S3A). We then wondered
whether the TRAF2 structure in the complex with clAP2 is some-
what asymmetrical and therefore cannot interact with three
clAP2 molecules simultaneously. Superposition of TRAF2 with
its ~120° rotated counterpart showed that they deviate signifi-
cantly from one another, indeed suggesting asymmetry in the
TRAF2 structure (Figure 4A). Importantly, the region of TRAF2
in direct contact with clAP2 does not superimpose well. In addi-
tion, structural alignment among the TRAF2 chains in the TRAF2:
clAP2 complex showed that all three chains differ in their confor-
mations (Figures 4B and 4C). These differences would move the
main chain position significantly within the clAP2-binding region.

To further analyze the consequence of this asymmetry, we
placed clAP2 molecules at the two remaining hypothetical
binding sites on a TRAF2 trimer by superposition. Strikingly,
these created binding sites were much less optimal than the
observed TRAF2: clAP2 interaction. The buried surface area
dropped from 1200 A? total to about 930 A2 and 950 A2, respec-
tively, with concomitant reduction in the number of van der
Waals interactions. Perhaps most drastically, the complemen-
tarity measurements decreased from the original score of 0.64
to about half, 0.35 and 0.26, respectively (Table S2). It should
be noted that calculations from a number of PDB entries showed
that most protein complexes have shape complementarity
scores above 0.6 (Lawrence and Colman, 1993).

These data suggest that there might be anticooperativity in
the binding of clAP2 to TRAF2. Upon binding to one clAP2
molecule, the TRAF2 trimer undergoes subtle but significant
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Figure 2. Interactions between TRAF2 and clAP2

(A) Two alternative interfaces that clAP2 makes with a TRAF2 trimer in the crystal lattice. The Site 1 is the correct interface.

(B) A close-up view of the interacting region of the TRAF2: clAP2 complex. TRAF2 residues involved in clAP2 interaction are colored in red for the yellow chain and
in magenta for the green chain. clAP2 residues involved in TRAF2 interaction are shown in red.

(C) Side chains involved in the TRAF2: clAP2 interaction. Left: interfacial TRAF2 residues are shown and labeled. Right: interfacial clAP2 residues are shown and
labeled.

(D) Detailed interaction between TRAF2 and clAP2, showing both hydrophobic interactions and hydrogen bonding interactions. For clarity, only side chains of
clAP2 are shown.

(E) Sequence alignment between human clAP2 and clAP1. Residues at the correct interface with TRAF2 are shaded in red while those at the incorrect interface
are shaded in gray. Residues that coordinate the Zn atom are shaded in yellow. Secondary structures, residue numbers of clAP2, and mutational effects are
shown above the sequence. +, WT-like interaction; —, almost no interaction; w, weak interaction. Residues involved in hydrogen bonding interactions and the
surface exposure of the interfacial residues are shown below the sequence. H, hydrogen bonds; e, exposed in the TRAF2: clAP2 complex; b, buried at the
TRAF2: clAP2 interface

(F) Sequence alignment between human TRAF2 and TRAF1. Residues involved in clAP2 interaction are shaded in red and magenta, respectively, for each of the
two TRAF2 chains. Residue numbers of TRAF2 and mutational effects are shown above the sequence. +, WT-like interaction; —, almost no interaction; w, weak
interaction. Residues involved in hydrogen bonding interactions and the surface exposure of the interfacial residues are shown below the sequence. H, hydrogen
bonds; e, exposed in the TRAF2: clAP2 complex; b, buried at the TRAF2: clAP2 interface. The a and d positions of the coiled coil are shown.
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Figure 3. Structure-Based Mutagenesis of
TRAF2 and clAP2
(A) Pull-down of Smt3 fusion of TRAF2 (residues

w +

2 2

— e ——

S T—

== 1-Smt3-TRAF2 266-329) by His-tagged WT and mutant clAP2
= BIR1 (residues 26-99). The mutations are labeled

to indicate whether they belong to Site 1 or

His-clAP2 Site 2. +, WT-like interaction; —, almost no interac-

tion; w, weak interaction; *, a contaminant band.

B 5 & " w w w % 4 (B) Pull-down of clAP2 BIR1 by His-Smt3 fusion of
WT and mutant TRAF2. +, WT-like interaction; —,
MW  WT  T281A N28B4A [285A C287A V28BA N290A R291A E292A E294A R295A . . . s
almost no interaction; w, weak interaction;
-._--_"_-_-,_ His-Smt3-TRAF2 contaminant bands.
p— —_— B (C) Coimmunoprecipitation (colP) of lysates from
HEK293T cells coexpressing Myc-TRAF2 and
- — — — — | c| AP2 Flag-clAP2, Flag-clAP2 L30A, Flag-clAP2 R48A,
or Flag-clAP2 F67A. Lysates were incubated with
c D anti-Flag M2 beads, and TRAF2: clAP2 complexes
Flag-clAP2 ¥ Flag-TRAF2 i g were detected by immunoblot analysis against
Flag-clAP2 L30A + Flag-TRAF2 E292A - + TRAF2.
o R @ s (D) ColP of lysates from HEK293T cells coexpress-
age * s H o % ing Myc-clAP2 and Flag-TRAF2 or Flag-TRAF2
Flag-clAP2 F67A + IP: Flag E292A. Lysates were incubated with anti-Flag
Myc-TRAF2 + o+ 4+ o+ o+ - M2 beads, and TRAF2: clAP2 complexes were
IB: Myc . . .
detected by immunoblot analysis against Myc.
IP: Flag L IP: Flag All experiments were done at least three times
IB: Myc E with similar results.
’ IB: Flag /- . . 3
; (E) Traf2~"~ MEFs were reconstituted with pBABE:
W:Flag . ‘ Lysate: Flag vector (EV), pBABE-Flag-TRAF2 WT (WT), or
IB: Flag ; IB: Myc PBABE-Flag-TRAF2 E292A (E292A). Rescue of
Lysate: suppression of constitutive noncanonical NF-«xB
i IE activation was assessed by immunoblot analysis
o E of NIK.
(F) Traf2~/~Traf5~/~ MEFs were reconstituted with
F Traf2+Traf5* pBABE-Flag vector (EV), pBABE-Flag TRAF2
EV TRAF2 WT E202A (TRAF2 WT), or pBABE-FIag-TRAF2 !E29?A
(E292A). Rescue of canonical NF-kB activation
TNFo (min) 0 5 15304560 0515304560 0 5 15304560 -’ was assessed by immunoblot analysis of IkBa
» . .
= after TNF-a (20 ng/ml) stimulation. Data are repre-
e | m-.-l l b henbeck 4 ‘ | 4 | sentative of three independent experiments.
e[S [Seeese] |yuwwwy] Wl

conformational changes to optimize the interaction. This then
prohibits the binding of additional clAP2 molecules to the
same TRAF2 trimer. This type of anticooperativity has also
been proposed for the binding of one linear diubiquitin to
a dimeric coiled-coil region of NF-«B essential modulator
(NEMO) (Rahighi et al., 2009). Analysis of the TRAF2 structure
in the absence of clAP2 binding (Table 1) supports this hypoth-
esis. The trimerically related counterpart in this TRAF2 structure
superimposes quite well in comparison with the poor degree of
superposition for the TRAF2 in complex with clAP2 (Figure 4D).

TRAF1 Interacts Weakly with clAP2

Yeast two-hybrid analysis showed that both TRAF1 and TRAF2
interact with clAP1/2 (Rothe et al., 1995). Despite the high degree
of sequence identity between the clAP2-interacting region of
TRAF1 and TRAF2, we noticed that TRAF1 does not interact
with clAP2 as strongly as TRAF2. When coexpressed in E. coli,
TRAF1 and clAP2 could be copurified by Ni-affinity resin, but
this complex dissociated significantly during gel filtration chro-
matography, while the TRAF2: clAP2 complex mostly stayed
intact (Figure 4E, two gels at the top). An ITC experiment titrating
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clAP2 to TRAF1 yielded a dissociation constant of 111 pM, which
is almost two orders of magnitude weaker than the correspond-
ing TRAF2: clAP2 interaction (Figure S3B and Table S3). An
equilibrium dialysis experiment showed a similar dissociation
constant of 127 pM (Figure S3C), confirming the much weaker
binding affinity. The ITC measurement also showed that each
TRAF1 trimer interacts with three clAP2 molecules, different
from the situation for TRAF2.

There are four amino acid residue differences between TRAF1
and TRAF2 in the clAP2-interacting sites: T281V, C287A, R291K,
and R295A (Figure 2F). Because structure-based mutations
T281A and R295A of TRAF2 did not cause any observable
changes in interacting with clAP2, while C287A and R291A did
reduce the interaction (Figure 3B), we speculated that one
reason for the weak interaction of TRAF1 with clAP2 is due to
the changes on C287 and R291. To test this hypothesis, we
generated the R291K mutation and the double mutation of
C287A and R291K on TRAF2 to see if they affect interactions
with clAP2 (Figure 4E). Gel filtration experiments showed that
R291K did not show clear effects on clAP2 interaction, while
C287A reduced the interaction (Figure 4E, two gels in the
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Figure 4. Asymmetry of TRAF2 in Complex with clAP2 and Regulation of clAP2 Interaction by TRAF1

(A) Superposition of the TRAF2 structure (shown in yellow, green, and cyan) in complex of clAP2 with its three-fold rotated counterpart (shown in orange). The
clAP2 bound to the stationary TRAF2 trimer is shown in pink.

(B) Superposition of the three TRAF2 chains using either the N-terminal or C-terminal region sequences.

(C) Superposition of the three TRAF2 chains using the entire sequences. The boxed region is enlarged at the right panel to show the Ca position differences.
(D) Superposition of the TRAF2 structure alone (shown in yellow, green, and cyan) with its three-fold rotated counterpart (shown in orange).

(E) Gel filtration fractions of the TRAF1: clAP2 complex (top 1), the TRAF2: clAP2 complex (top 2), the TRAF2 C287A: clAP2 complex (top 3), the TRAF2 R291K:
clAP2 complex (bottom 3), the TRAF2 C287A/R291K: clAP2 complex (bottom 2), and the TRAF1: TRAF2: clAP2 complex (bottom 1).

(F) Preferential formation of a 1:2 complex of TRAF1 and TRAF2. SDS-PAGE lanes of gel filtration fractions from a mixture of His-Smt3-TRAF1 and His-TRAF2 are
shown, together with the chromatographic trace at ODygo. Each of the peaks was assessed by MALS, and the measured molecular mass is shown.

(G) The TRAF1: (TRAF2), heterotrimer competed robustly with the TRAF2 trimer for clAP2 interaction. Gel filtration fractions of a mixture of His-Smt3-TRAF1, His-
TRAF2, and a small amount of His-clAP2 are shown. Most of the clAP2 proteins comigrated with the heterotrimer. See also Tables S2 and S3 and Figure S3.
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middle). The double mutation further reduced the interaction with
clAP2 (Figure 4E, fifth gel from the top), confirming our hypoth-
esis. ltis likely that the amino acid difference in TRAF1 weakens
the interaction with clAP2 to such an extent that deformation of
the symmetrical TRAF1 trimer cannot occur, which in turn further
contributes to the weaker interaction. Although we can measure
the TRAF1: clAP2 interaction in vitro, it is likely that this interac-
tion is too weak to occur in cells.

TRAF1 and TRAF2 Preferentially Form 1:2 Heterotrimers
To determine whether TRAF1 and TRAF2 form heterotrimers
in vitro, we first expressed TRAF1 as a His-Smt3 fusion and
TRAF2 as a His fusion and purified them separately. The Smt3-
fusion was used to alter the molecular weight of the TRAF1
construct so that it elutes at a different position in gel filtration
chromatography from the TRAF2 construct of similar length.
We incubated the two proteins overnight at 4°C and performed
gel filtration chromatography on the mixture (Figure 4F). Three
peaks were seen in the chromatographic profile, with two peaks
corresponding to TRAF1 alone and TRAF2 alone, respectively.
The third peak is the highest and corresponds to a heterotrimer
of TRAF1 and TRAF2. The location of the peak suggested that it
was a 1:2 heterotrimer of TRAF1 and TRAF2.

To confirm this assignment of the heterotrimer peak, we sub-
jected it to MALS measurement in line with gel filtration chroma-
tography, which gave a molecular mass of 39.8 kDa (3% error)
(Figure 4F). Because His-Smt3-TRAF1 and His-TRAF2 have
molecular weights of 21,109 Da and 9,613 Da, respectively,
the calculated mass of a 1:2 heterotrimer of TRAF1 and TRAF2
would be 40.3 kDa, consistent with the measured mass. As
controls, both the His-Smt3-TRAF1 trimer and the His-TRAF2
trimer peaks gave measured masses—61.0 kDa and 23.5 kDa,
respectively —that are consistent with their calculated values of
63.3 kDa and 28.8 kDa, respectively. The preferential formation
of a 1:2 heterotrimeric complex is surprising because it has
been proposed that TRAF1 and TRAF2 can form both 1:2 and
2:1 heterotrimers (Fotin-Mleczek et al., 2004).

We wondered whether the preferred 1:2 heterotrimer of
TRAF1 and TRAF2 was formed because TRAF1 was not in
overt excess. To determine this, we mixed at least 2-fold molar
excess of TRAF1-His with His-Smt3-TRAF2 and performed the
similar gel filtration experiments. Even in the excess of TRAF1,
TRAF2 still preferentially formed 1:2 heterotrimers, as shown
both by its elution position and the estimated ratio of TRAF1
and TRAF2 Coomassie blue staining intensities on the SDS-
PAGE (Figure S3D). Therefore, in our experiments with or without
excess TRAF1, we could not observe a distinct population of the
2:1 heterotrimer of TRAF1 and TRAF2, confirming that only the
TRAF1: (TRAF2), heterotrimer is preferentially formed.

The TRAF1: (TRAF2), Heterotrimer Has an Enhanced
Affinity to clAP2 Relative to TRAF2

To determine the ability of the 1:2 heterotrimer of TRAF1 and
TRAF2 to interact with clAP2, we coexpressed TRAF1, TRAF2,
and clAP2 in E. coli. Only TRAF2 is His-tagged, and the complex
was copurified by Ni-affinity and gel filtration chromatography.
Consistent with the preference for 1:2 stoichiometry in the heter-
otrimeric complex, the approximate ratio between the copurified
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TRAF1 and the His-tagged TRAF2 appeared to be 1:2. This ratio
was maintained even when excess cell lysate of untagged
TRAF1 was added to the cell lysate with the coexpressed
proteins during Ni-affinity purification (Figure 4E, bottom gel).
Based on the Coomassie blue staining intensities, one clAP2 is
bound to a heterotrimer of TRAF1 and TRAF2 (Figure 4E, bottom
gel), which is similar to the interaction of clAP2 with the TRAF2
trimer.

We noticed that the TRAF1: (TRAF2), heterotrimer in complex
with clAP2 appeared to dissociate the least during gel filtration
chromatography, suggesting that the heterotrimer may have an
enhanced affinity to clAP2 (Figure 4E, bottom gel). Because
the TRAF1: (TRAF2), heterotrimer is in constant equilibrium
with the homotrimers, it is unlikely to obtain a pure species to
determine the affinity of its interaction with clAP2 using ITC.
Instead, to compare the affinities of TRAF2 and the TRAF1:
(TRAF2), heterotrimer for clAP2, we added clAP2 to the mixture
of His-Smt3-TRAF1 and excess His-TRAF2 and performed gel
filtration chromatography. Despite having apparently less heter-
otrimer than the TRAF2 trimer in the gel filtration profile when
TRAF2 was in excess, most clAP2 comigrated with the hetero-
trimer peak (Figure 4G), confirming that the heterotrimer indeed
possesses higher affinity than the TRAF2 trimer for clAP2. Two
additional gel filtration runs of somewhat different ratio mixtures
of TRAF1, TRAF2, and clAP2 further showed that the relative
affinities for clAP2 from low to high are TRAF1, TRAF2, and the
TRAF1: (TRAF2), heterotrimer (Figure S3E).

Crystal Structure of the TRAF1: (TRAF2), Heterotrimer
in Complex with clAP2

We crystallized the TRAF1: (TRAF2),: clAP2 ternary complex and
determined its crystal structure at 2.8 A resolution (Table 1).
Because TRAF1 interacts only weakly with clAP2, we anticipated
that the clAP2-binding site in the heterotrimer is most likely
composed of two TRAF2 chains. To our surprise, the clAP2-
binding site in the heterotrimer consists of one TRAF1 and
one TRAF2 chain (Figure S4A). In addition, it is TRAF1 that
contributes the majority of residues to the clAP2 interaction,
not TRAF2.

Although the structure of the TRAF1: (TRAF2),: clAP2 complex
is very similar to that of the TRAF2: clAP2 complex, when the
clAP2 molecules are superimposed, the TRAF trimers show
an 8.9° rotation relative to each other (Figure 5A). Conversely,
when the TRAF trimers are superimposed, the clAP2 molecules
exhibit a similar degree of orientational difference (Figure S4B). In
this superposition mode, the TRAF side chains at the interface
with clAP2 have similar conformations (Figure 5B). In contrast,
the clAP2 side chains at the interface with the TRAF trimer
show significant differences due to the orientational difference
(Figure 5C).

The orientational difference between the TRAF trimer and
clAP2 in the TRAF1: TRAF2: clAP2 complex generates a tilt
that allows more contacts at the lower part of the interface on
both the TRAF trimer and clAP2 (Figures 5B-5D). Particularly,
TRAF1 residue V196 (equivalent to TRAF2 residue T281) extends
the hydrophobic patch formed by 1200 and V203 (equivalent to
TRAF2 residues 1285 and V288) and directly interacts with Y31
from clAP2. TRAF2 residue E283 interacts with L26 of clAP2
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in the ternary complex, both of which are not involved in the inter-
action in the TRAF2: clAP2 complex. In contrast, the interactions
at the TRAF2 residue R295 (equivalent to A210 of TRAF1) and
at the clAP2 residue R52 are no longer present in the ternary
complex. The replacement of R291 of TRAF2 to K206 of
TRAF1 eliminated the hydrogen bonding interaction mediated
by R291. Instead, the K206 side chain of TRAF1 forms hydrogen
bonds with the main-chain carbonyl oxygen atoms of S37 and
F39 of clAP2.

We performed structure-based mutagenesis on TRAF1 to
confirm its critical role in recognition of clAP2 by the TRAF1:
(TRAF2), heterotrimer (Figure 5E). Mutations on TRAF1 residues
1200, V203, K206, and E207, which are equivalent to TRAF2
residues 1285, V288, R291, and E292, respectively, drastically
or moderately reduced the interaction of the heterotrimer with
clAP2. In addition, when V288 is mutated to alanine in the
TRAF2: clAP2 complex, the interaction is drastically compro-
mised. However, when V288A is generated in the heterotrimer,
clAP2 interaction is mostly maintained, consistent with the
structural observation that V288 of TRAF2 is not critical in
clAP2 interaction in the heterotrimer.

Overall, the interaction between the TRAF1: (TRAF2), hetero-
trimer and clAP2 buries a similar extent of surface area and
has a similar number of van der Waals contacts in comparison
with the TRAF2: clAP2 complex. However, there seems to
be a better shape complementarity (Table S4) and a higher
number of hydrophobic contacts, which could contribute to
the higher affinity. It is also possible that the apparent higher
stability of the TRAF1: (TRAF2), heterotrimer facilitates clAP2
interaction.

TRAF1 Is a Component of the E3 Complex for NIK

The ability of the TRAF1: (TRAF2), complex to interact robustly
with clAP2 suggests that TRAF1 may also be a physiological
component of the ubiquitin ligase complex of clAP1/2. To test
this hypothesis, we reconstituted NIK~~ MEFs with an empty
vector (EV) or tandem affinity purification (TAP) tag-fused NIK.
Immunoprecipitation using anti-Flag M2 beads showed that
both TRAF2 and TRAF1 were pulled down by NIK, confirming
that TRAF1 is a component of the E3 for NIK (Figure 5F).

TRAF1 Enhances the TRAF2: clAP2 Interaction in Cells
To elucidate the biological relevance of TRAF1 in clAP1/2 inter-
action, we first used Traff = B cells to determine whether
TRAF1 is required for NIK degradation and noncanonical
NF-kB activation. The experiment showed that TRAF1 is not crit-
ical for this activity (Figure 5G), consistent with a role of TRAF1 as
a regulatory rather than obligatory molecule in clAP1/2 function.
We then used cotransfection to determine whether TRAF1
has any effect in the TRAF2: clAP2 interaction. We showed
consistently that TRAF1 indeed significantly enhanced the pull-
down of clAP2 by TRAF2 (Figure 5H). In addition, the V288A
mutant of TRAF2 is rescued for interaction with clAP2 by
TRAF1. In contrast, the E292A mutant of TRAF2 did not interact
with TRAF1 and was not rescued for interaction with clAP2
(Figure 5H). Collectively, these studies suggest that TRAF1
and TRAF2 do form a complex in cells to modulate clAP2
recruitment.

DISCUSSION

The Molecular Mechanisms of TRAF1/2: clAP1/2
Interactions

Our current study elucidated the mode of interaction between
TRAF1/2 and clAP1/2 and confirmed their interactions in cells.
Interestingly, the surface of the BIR1 domain of clAP1/2 for
TRAF interaction is equivalent to that of the BIR1 domain of
XIAP for TAB1 interaction (Lu et al., 2007) (Figure 6A), identifying
this surface of the BIR domains as a common interaction
surface. The opposite side of this surface defines another
common interaction surface of the BIR domains, which interacts
with Smac in the BIR2 and BIR3 domains of clAP1/2 and XIAP
and dimerizes in the BIR1 domain of XIAP (LaCasse et al.,
2008; Lu et al., 2007) (Figures 6A and 6B).

One unexpected finding is that TRAF1 and TRAF2 are not
created equally with regards to interaction with clAP1/2.
TRAF2 interacts with clAP2 at an affinity that is about two orders
of magnitude higher than that of TRAF1. In contrast, the 1:2 het-
erotrimer of TRAF1 and TRAF2, the preferred oligomerization
form when both TRAF1 and TRAF2 are present, interacts with
clAP2 at a stronger affinity than TRAF2.

Another unexpected finding is that both TRAF2 trimer and
the TRAF1: (TRAF2), heterotrimer interact with one, instead of
three, clAP2 molecules. This may be attributed to generation of
asymmetry in the TRAF trimer upon clAP2 binding and therefore
prohibition of interacting with more clAP2 molecules. In contrast,
TRAF1 trimer can interact with three clAP2 molecules simulta-
neously. It is likely that the amino acid difference in TRAF1
weakens the interaction with clAP2 to such an extent that defor-
mation of the symmetrical TRAF1 trimer cannot occur, which in
turn further contributes to the weaker interaction. The mode of
TRAF2 binding for clAP2 uncovered here should also be true
for clAP1, which has identical binding site residues. Existing
mutagenesis data have implicated clAP1 residues equivalent
to L30, E47, and R48 of clAP2 as important for TRAF2 interaction
(Samuel et al., 2006; Varfolomeev et al., 2006).

Multiple Mechanisms of TRAF2 Regulation by TRAF1
Accumulating data support a role for TRAF1 as both a negative
and a positive modulator of signaling by certain TNF family
receptors, possibly in a cell type-dependent manner (Fotin-
Mleczek et al., 2004; Lee and Choi, 2007). Our study revealed
that the TRAF1: (TRAF2), heterotrimer has an enhanced affinity
to clAP2 in comparison with the TRAF2 trimer. We confirmed
this observation in cells, providing one possible mechanism for
regulation of TRAF2 function by TRAF1. We further showed
that TRAF1 rescued a clAP2-binding-defective mutant of
TRAF2 in clAP2 interaction through heterotrimerization. Because
TRAF2 alone also interacts robustly with clAP1/2, TRAF1~/~
cells may not exhibit dramatic phenotypes. However, it has
been shown that physiological expression of TRAF1 enhances
NF-kB activation and IL-8 production induced by TNFR2 (Wicov-
sky et al., 2009), consistent with the role of the TRAF1: (TRAF2),
heterotrimer in promoting signal-dependent NF-kB activation.
The structure of TRAF1: TRAF2: clAP2 may also explain how
TRAF1 can inhibit TNFR2-induced proteasomal degradation of
TRAF2. Both TRAF1 and TRAF2 are targets of polyubiquitination
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Figure 6. Implications of the TRAF1/2: clAP1/2 Interaction

(A) Comparison of the TRAF2: clAP2 interaction with the dimeric XIAP BIR1: TAB1 interaction. The TAB1-interacting surface of XIAP BIR1 overlaps with the
TRAF2-interacting surface of clAP BIR1. The dimerization interface of XIAP BIR1 is opposite of the above interface.

(B) Comparison of the TRAF2: clAP2 interaction with the XIAP BIR3: Smac peptide interaction. Smac peptide is bound to the opposite side of the TRAF2: clAP
interface.

(C) The heterotrimer of TRAF1 and TRAF2 in complex with clAP2, showing the ubiquitination sites on TRAF1.

and degradation by clAP1/2 upon recruitment to TNF family
receptors (Dupoux et al., 2009). The major sites of ubiquitination
of TRAF2 by clAP1/2 are not known. However, in the structure of
the heterotrimer: clAP2 complex, the major ubiquitination sites of
TRAF1, K185 and K193 (Lee et al., 2004a), are immediately adja-
cent to the binding site for clAP2 (Figure 6C). This provides
a potential mechanism for the preference of TRAF1 as a ubiquiti-
nation target of clAP1/2 and therefore for inhibiting TRAF2
degradation.

The TRAF1/2: clAP1/2 Interaction as a Potential
Therapeutic Target

The TRAF1/2: clAP1/2 interaction appears to be a critical switch
between cell survival and cell death. It has long been observed
that TRAF1, TRAF2, and clAP1/2 suppress caspase-8 activation
and apoptosis induction (Wang et al., 1998). Recent studies have
revealed the molecular basis for this observation. When clAP1/2

are recruited by TRAF1/2 to a TNF family signaling complex,
RIP1 is modified with K63-linked polyubiquitin chains, leading
to IKKB recruitment and NF-kB activation. When clAP1/2 are
induced to autoubiquitinate and to degrade, e.g., by Smac
mimetics, RIP1 is deubiquitinated and leaves the NF-«B
signaling complex to form alternative complexes for cell death
induction (Wang et al., 2008).

A similar induction of cell death may be elicited by inhibiting
the interaction between TRAF2 and clAP1/2 because releasing
clAP1/2 from a TNF family signaling complex would prohibit
K63-linked polyubiquitination of RIP1. This would switch the
cell fate from NF-kB activation and cell survival to cell death.
This induction of cell death is also supported by the observation
that when the TRAF2: clAP1/2 complex is competitively
recruited to other TNF receptor family members, induction of
caspase-8 activation by TNF-« is accelerated (Fotin-Mleczek
et al., 2002). Therefore, our current study offers both the rational

(B) A ribbon diagram of the TRAF1: (TRAF2), heterotrimer shown with side chains involved in clAP2 interaction. Side chains at the heterotrimer are shown with
carbon atoms colored according to the ribbon colors. Equivalent side chains at the TRAF2 homotrimer are also shown, with carbon atoms in yellow. The yellow
circle indicates the residue involved only in the TRAF2: clAP2 interaction; the black circle indicates the residue involved only in the clAP2 interaction in the het-
erotrimer.

(C) Aribbon diagram of the clAP2 BIR1 domain, shown with side chains involved in the heterotrimer interaction. Side chains are shown with carbon atoms colored
according to the ribbon colors. Equivalent side chains of clAP2 involved in the TRAF2 homotrimer interaction are also shown, with carbon atoms in yellow. The
yellow circle indicates the residue involved only in the TRAF2: clAP2 interaction; the black circle indicates the residue involved only in the heterotrimer interaction.
(D) Detailed interaction between the TRAF1: (TRAF2), heterotrimer and clAP2. For clarity, only side chains of clAP2 are shown.

(E) Mutational effects of the TRAF1: (TRAF2), complex in clAP2 interaction. The defective phenotype of the V288A mutation in TRAF2 can be rescued by WT
TRAF1.

(F) Pull-down of TRAF1 and TRAF2 by NIK. NIK~/~ MEFs were reconstituted with an empty vector (EV) or tandem affinity purification tag (TAP, with a CBP tag and
aFlag tag)-fused NIK (TAP-NIK). The cells were lysed and immunoprecipitated with anti-Flag M2 beads followed by immunoblotting with the indicated antibodies.
(G) Immunoassays on lysates from WT, Traf? /=, and Traf3~/~ murine-transformed B cells. Basal NIK level and p100 to p52 processing in whole-cell extracts were
detected by immunoblotting.

(H) ColP of lysates from HEK293T cells coexpressing Myc-clAP2 and Flag-TRAF2, Flag-TRAF2 E292A, or Flag-TRAF2 V288A in the presence or absence of His-
TRAF1. Lysates were incubated with anti-Flag M2 beads, and TRAF2: clAP2 and TRAF2: TRAF1 complexes were detected by immunoblot analysis against Myc
and TRAF1, respectively. All experiments were done at least three times with similar results. See also Figure S4 and Table S4.
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and the potential applicability for yet another way to inhibit IAP
family members to combat cancer.

EXPERIMENTAL PROCEDURES

Crystallization and Structure Determination
The TRAF2: clAP2 complex was crystallized by seeding using 8% PEG 3350
and 6% Tacsimate at pH 5.0. The TRAF1: (TRAF2),: clAP2 complex was
crystallized using 0.15 M ammonium sulfate, 0.1 M MES (pH 6), and
15% (w/v) PEG 4000 in a sitting-drop vapor diffusion system at 4°C.

The structure of the TRAF2: clAP2 complex was determined by MAD of the
intrinsic zinc atoms. The structures of TRAF2 alone and of the TRAF1: TRAF2:
clAP2 complex were solved by molecular replacement.

MALS Analyses

The protein samples were injected into a Superdex 200 (10/300 GL) gel
filtration column (GE Healthcare; Waukesha, WI) equilibrated in a buffer con-
taining 20 mM Tris at pH 8.0 and 150 mM NaCl. The chromatography system
was coupled to a three-angle light-scattering detector (miniDAWN Tristar) and
a refractive index detector (Optilab DSP) (Wyatt Technology; Santa Barbara,
CA). Data were collected every 0.5 s with a flow rate of 0.2 ml/min. Data anal-
ysis was carried out using ASTRA V.

Pull-Down Assay

The cell pellets of WT and mutant His-Smt3-tagged TRAF2 (residues 266-329)
were mixed with the cell pellet of nontagged clAP2 (residues 26-99). The
mixtures were subjected to purification using the HisPur Cobalt Resin (Pierce;
Rockford, IL). The resin was washed extensively. The bound proteins were
eluted and subjected to SDS-PAGE analysis. Similarly, the cell pellets of WT
and mutant His-clAP2 (residues 26-99) were mixed with the cell pellet of non-
tagged Smt3-TRAF2 (residues 266-329) fusion protein. The mixtures were
subjected to cobalt resin purification, and the bound proteins were examined
by SDS-PAGE. Nontagged clAP2 and nontagged Smt3-TRAF2 did not bind
the cobalt resin.

ITC and Data Analysis

Purified His-Smt3-tagged TRAF2 (residues 266-329) and His-tagged clAP2
(residues 26-99) were subjected to gel filtration using a Superdex 200 HR
10/30 column (GE Healthcare) in a buffer containing 20 mM Tris at pH 8.0
and 150 mM NaCl. ITC measurements were performed at 25°C using
iTC200 that was connected to a computer with Origin software (Microcal
Inc.; Northampton, MA). Prior to titration, the protein samples were centrifuged
at 13,000 rpm at 4°C for 2 min to remove any debris. The calorimeter cell and
titration syringe were extensively rinsed with buffer. For the TRAF2: clAP2
interaction, the calorimetric titration was carried out at 25°C with 16 injections
of 2.4 ul 0.74 mM clAP2, spaced 180 s apart, into the sample cell containing
a solution of 200 pl 0.10 mM TRAF2. A similar protocol was used for the ITC
titration of clAP2 (1.08 mM) into TRAF1 (0.12 mM) at 25°C, with 32 injections
of 1.21 ul each and a spacing of 150 s. The association constant (Ka), enthalpy
change (AH), and stoichiometry (N) were obtained by fitting the thermogram to
a single binding site model using the Origin software. The remaining thermody-
namic parameters, the dissociation constant (Kp), the free energy change (AG),
and the entropy change (AS) were calculated from the relationships:

Ky'=Kp and — RTInKx=AG=AH — TAS.

Modified Equilibrium Dialysis

His-clAP2 was treated with thrombin to remove the His tag and further purified
by gel filtration in 150 mM NaCl and 20 mM Tris-HCI at pH 8.0. Modified equi-
librium dialysis was performed similarly to that previously described (Picollo
et al., 2009). Purified His-Smt3-TRAF1 was incubated with Co?* beads (pre-
equilibrated in gel filtration buffer) for 1 hr at 4°C. The TRAF1-bound Co?*
beads were split to 50 pl aliquots, to which increasing concentrations of
50 ul nontagged clAP2 were added. After further incubation for 1 hr at 4°C
with intermittent shaking, Co®* beads were spun down. The concentration of
free clAP2 ([F]) was determined from the supernatant. The concentration of
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bound clAP2 ([B]) was determined by subtracting that of free clAP2 from
that of total clAP2. [B] was plotted as a function of [B] / [F] and fit to a straight
line of [B] = constant — Kp, [B] / [F].

For further protocols, please see the Supplemental Information online.
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The atomic coordinates have been deposited in the RCSB Protein Data Bank
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Table S1, related to Figure 1. ITC Measurement for the Titration of clAP2 to TRAF2 at 25°C

TRAF2 clAP2 Ka Kb AG AH -TAS N
(mM) (mM) (10°M™) (uM) (kcal/mol) | (kcal/mol) | (kcal/mol)
0.10 0.74 6.0+0.9 1.7 -7.88 -6.13+0.16 -1.75 0.30+0.006

Figure S1, related to Figure 1. Mapping of TRAF2 and clAP2 interaction by co-expression. Non-
tagged clAP2 BIR1 domain (26-99) was co-expressed with various His-tagged TRAF2
constructs. The proteins were co-purified using Ni-affinity resin and assessed (if possible) by gel
filtration to determine stable complex formation. The TRAF2 construct with residues 266-329
was shown to be necessary and sufficient for clAP2 interaction.
(A). Summary.

(B). Pulldown.

(C). Gel filtration experiments.

A TRAF2-His constructs | Expression level | Pulldown of clAP2 BIR1
272-501 Low Yes
272-346 Good Yes
272-329 Good Yes
272-317 Low Yes
266-346 Good Yes
266-329 Low Yes
266-295 Very low Yes
B
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=

clAP2
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14 15 16 17 18.5
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TRAF2 (266-329)-His
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Fraction (ml) 16 17 18 19
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Figure S2, related to Table 1. Experimental

superposition with the final atomic model

Se-MAD map at 1.2 o shown in stereo and in

Table S2, related to Figure 4. Comparison of the original TRAF2: clAP2 complex with the 3-fold

rotated ones

Original Generated Generated
Surface Area Burial 1,200 A 930 A® 950 A®
# Interactions 113 81 98
Shape Complementarity Score 0.64 0.35 0.26

Table S3, related to Figure 4. ITC Measurement for the Titration of clAP2 to TRAF1 at 25°C

TRAF1 clAP2 Ka Kb AG AH -TAS N
(mM) (mM) (10°M™) (uM) (kcal/mol) | (kcal/mol) | (kcal/mol)
0.12 1.08 9.0+4.1 111 -5.4 1.9+0.7 -7.2 0.96+0.21

Table S4, related to Figure 5. Comparison of the original TRAF1: TRAF2: clAP2 complex with

the 3-fold rotated ones

Original

Generated

Generated

Shape Complementarity Score

0.69

0.36

0.21




Figure S3, related to Figure 4.

(A). Ribbon diagram and surface diagram of a hypothetical 3:3 TRAF2: clAP2 complex, showing
that the clAP2 molecules do not overlap.

(B). ITC measurement for the interaction between TRAF1 and clAP2.

(C). Measurement of the TRAF1: clAP2 interaction using modified equilibrium dialysis.

(D). Formation of a TRAF1: (TRAF2), heterotrimer even when TRAF1 is in excess.

(E). Two gel filtration fractions of somewhat different ratio mixtures of His-Smt3-TRAF1, His-
TRAF2 and His-clAP2 are shown. Most of the clAP2 proteins co-migrated with the heterotrimer,
less co-migrated with the TRAF2 trimer and almost nothing co-migrated with the TRAF1 trimer.
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Figure. S4, related to Figure 5.

(A) A ribbon diagram of the TRAF1: TRAF2: clAP2 ternary complex structure.

(B) Superposition of the TRAF trimer in the ternary complex structure with the TRAF trimer in
the TRAF2: clAP2 binary complex structure, showing the resulting orientational difference in the
clAP2 molecules. The TRAF2: clAP2 complex is shown in magenta.




Supplemental Experimental Procedures

Protein Preparation. Human clAP2 BIR1 domain (residues 26-99) and various human TRAF2
segments were cloned into pET26b in tandem to generate clAP2: TRAF2-His co-expression
constructs. There is a ribosomal binding site in front of each coding sequence. The clAP2:
TRAF2-His co-expression constructs were transformed into BL21 (DE3 RIPL) cells and cultured
in LB medium at 37 °C. Protein expression was induced by IPTG (0.4 mM) when ODgq of the
culture was 0.6. The cells were then grown at 20 °C for 16 hr. The proteins were purified with
His-Pur™ Cobalt Resin (PIERCE) followed by gel filtration with a Superdex 200 column (GE
Biosciences). Similar clAP2: TRAF1-His (residues 181-244) and clAP2: TRAF1: TRAF2-His co-
expression constructs were generated, expressed and purified using the protocol described for
the clAP2: TRAF2-His construct.

Human clAP2 BIR1 domain (residues 26-99), TRAF1 (residues 181-244) and TRAF2
(residues 266-329) were cloned into pET28a or pET26b to produce N-terminally or C-terminally
His-tagged proteins, His-clAP2, TRAF1-His and His-TRAF2. Human TRAF2 (residues 266-329)
and TRAF1 (residues 181-244) were cloned into pSUMO respectively to produce the fusion
proteins, His-Smt3-TRAF2 and His-Smt3-TRAF1. There is a His tag and a Smt3 tag N-terminal
to the TRAF2 and TRAF1 sequences. Untagged versions of clAP2, TRAF1 and TRAF2 were
also constructed. Expression and purification protocol for these constructs were as described for
the clAP2: TRAF2-His construct. All mutagenesis experiments were performed using the
QuikChange® Site-Directed Mutagenesis Kit (Stratagene).

Crystallization and Structure Determination. The TRAF2: clAP2 complex was initially
crystallized by mixing 1 ul gel filtration purified protein (10 mg/ml in 20 mM Tris-HCI pH 8.0, 150
mM NacCl, and 5 mM DTT) with 1 pl of the reservoir solution containing 16 % PEG3350 and 8 %
Tacsimate at pH 5.0 in a hanging drop vapor diffusion system at 20 °C. The initial crystals were
used as seeds to produce better crystals in crystallization buffer containing 8 % PEG3350 and
6% Tacsimate at pH 5.0. Crystals were cross-linked with 50 % glutaldehyde for 10 minutes and
briefly soaked into a cryo-solution containing 8 % PEG3350 and 6 % Tacsimate at pH 5.0 and
20 % glycerol before saved in liquid nitrogen. Crystals of both the complex and TRAF2 alone
grew from the same samples and similar conditions. The TRAF1: (TRAF2),: clAP2 complex was
crystallized by mixing 1 ul gel filtration purified protein (10 mg/ml in 20 mM Tris-HCI pH 8.0, 150
mM NaCl, and 5 mM DTT) with 1 ul of the reservoir solution containing 0.15 M Ammonium
sulfate, 0.1 M MES pH 6 and 15 % (w/v) PEG 4000 in a sitting drop vapor diffusion system at 4
°C.

All diffraction data were collected at the X25 and X29 beamlines of NSLS and processed
with HKL2000 (Otwinowski and Minor, 1997) (Table 1). The structure of the TRAF2: clAP2
complex was determined by multi-wavelength anomalous diffraction (MAD) (Hendrickson, 1985)
of the intrinsic zinc atoms using the program SOLVE and RESOLVE (Terwilliger, 2004). The
structures of TRAF2 alone and of the TRAF1: TRAF2: clAP2 complex were solved by molecular
replacement. Model building was performed in program Coot (Emsley and Cowtan, 2004).
Refinement was done using CNS 1.2 (Brunger et al., 1998) and Refmac (Murshudov et al.,
1997). Crystallographic statistics are shown in Table 1. All superpositions were performed with
Isgman in the CCP4 suite (Collaborative Computational Project, 1994). Structural presentations
were generated using Pymol (DeLano Scientific).

Multi-angle Light Scattering (MALS) Analyses. The protein samples were injected into a
Superdex 200 (10/300 GL) gel filtration column (GE Healthcare) equilibrated in a buffer
containing 20 mM Tris at pH 8.0 and 150 mM NaCl. The chromatography system was coupled
to a three-angle light scattering detector (mini-DAWN TRISTAR) and a refractive index detector



(Optilab DSP) (Wyatt Technology). Data were collected every 0.5 s with a flow rate of 0.2
ml/min. Data analysis was carried out using ASTRA V.

Pulldown Assay. The cell pellets of WT and mutant His-Smt3 tagged TRAF2 (residues 266-
329) were mixed with the cell pellet of non-tagged clAP2 (residues 26-99). The mixtures were
subjected to purification using the His-Pur™ Cobalt Resin (PIERCE). The resin was washed
extensively. The bound proteins were eluted and subjected to SDS-PAGE analysis. Similarly,
the cell pellets of WT and mutant His-clAP2 (residues 26-99) were mixed with the cell pellet of
non-tagged Smt3-TRAF2 (residues 266-329) fusion protein. The mixtures were subjected to
cobalt resin purification and the bound proteins were examined by SDS-PAGE. Non-tagged
clAP2 and non-tagged Smt3-TRAF2 did not bind the cobalt resin.

Isothermal Titration Calorimetry (ITC) and Data Analysis. Purified His-Smt3 tagged TRAF2
(residues 266-329), and His-tagged clAP2 (residues 26-99) were subjected to gel filtration using
a Superdex 200 HR10/30 column (GE Healthcare) in a buffer containing 20 mM Tris at pH 8.0
and 150 mM NaCl. ITC measurements were performed at 25 °C using iTC200 that was
connected to a computer with ORIGIN software (Microcal Inc, Northampton, MA). Prior to
titration, the protein samples were centrifuged at 13,000 rpm at 4 °C for 2 min to remove any
debris. The calorimeter cell and titration syringe were extensively rinsed with buffer. For the
TRAF2: clAP2 interaction, the calorimetric titration was carried out at 25 °C with 16 injections of
2.4 ul 0.74 mM clAP2, spaced 180 sec apart, into the sample cell containing a solution of 200 pl
0.10 mM TRAF2. A similar protocol was used for the ITC titration of clAP2 (1.08 mM) into
TRAF1 (0.12 mM) at 25°C, with 32 injections of 1.21 ul each and a spacing of 150 sec. The
association constant (Ka), enthalpy change (AH) and the stoichiometry (N) were obtained by
fitting the thermogram to a single binding site model using the ORIGIN software. The remaining
thermodynamic parameters, the dissociation constant (Kp), the free energy change (AG), and
the entropy change (AS) were c;alculated from the relationships:

Ka =Kp and —RTInKy = AG = AH - TAS

Modified Equilibrium Dialysis. His-clAP2 was treated with thrombin to remove the His-tag and
further purified by gel filtration in 150 mM NaCl and 20 mM Tris-HCI at pH 8.0. Modified
equilibrium dialysis was performed similarly as previously described (Picollo et al., 2009).
Purified His-smt-TRAF1 was incubated with Co** beads (pre-equilibrated in gel filtration buffer)
for 1 h at 4°C. The TRAF1 bound Co*" beads were split to 50 pl aliquots, to which increasing
concentrations of 50 ul non-tagged clAP2 were added. After further incubation for 1 h at 4°C
with intermittently shaking, Co®* beads were spun down. The concentration of free clAP2 ([F])
was determined from the supernatant. The concentration of bound clAP2 ([B]) was determined
by subtracting that of free clAP2 from that of total clAP2. [B] was plotted as a function of [B] / [F]
and fit to a straight line of [B] = constant — Kp [B] / [F].

Cell Biology Reagents. Antibodies against TRAF2, TRAF1 and IxkBa were obtained from Santa
Cruz Biotechnology. Antibodies against NIK and Myc were obtained from Cell Signaling
Technology. All other reagents were from Sigma unless otherwise stated.

Cell Culture and Transfections. All reconstituted cell lines were generated as described
previously (He et al., 2007). Briefly, HEK 293T cells were transfected with Moloney Murine
Leukemia virus-pA helper construct plus either pBABEpuro alone or the indicated pBABEpuro
construct. Traf2™”~, Traf2Traf5", or NIK MEFs were then infected with the filtered 293T cell
supernatants followed by selection with 2.5 ug/ml of puromycin. Transient transfection of HEK



293T cells was performed using the standard calcium phosphate method. For all transfection
experiments CMV-B-gal was used as a normalization control.

Immunoprecipitation. Forty-eight hours after transfection, cells were lysed for 30 min at 4 °C in
a modified radioimmune precipitation (mRIPA) buffer, containing 0.5 % (vol/vol) NP-40 and 0.1
% (wt/vol) sodium deoxycholate. Protease inhibitor cocktail (Sigma) was included in all lysates.
The cell lysates were centrifuged for 10 min at 13,000 x g and the supernatant were incubated
with anti-Flag M2 affinity gel (Sigma) for 2 hr. The immunoprecipitated complexes were
separated by SDS-PAGE and blotted with the indicated antibodies.

Immunoblotting. Whole cells were lysed in 1 x SDS loading buffer (62.5 mM Tris-Cl, pH 6.8, 5
% p-mercaptoethanol, 2 % (wt/vol) SDS, 10 % (vol/vol) glycerol, and 0.1 % (wt/vol)
bromophenol blue). SDS extracts were sonicated for 10 seconds using the Misonix Sonicator
3000 and then boiled for 5 minutes. Equal amounts of whole cell lysates were fractionated by
10 % SDS-PAGE, transferred to polyvinylidene fluoride membranes (Immobilon-P™) and
immunoblotted with antibodies according to the manufacturer's recommended instructions.
Primary antibodies were detected with either anti-rabbit or anti-mouse antisera conjugated to
horseradish peroxidase (Santa Cruz) and visualized with electrochemiluminescence.
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