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T

he question of how tumor necrosis factor receptor (TNFR)
signaling controls events such as immune responses, Ig
class-switching, activation of NF-B, or regulation of apoptosis
is central to understanding the role of these receptors in disease,
including autoimmune disorders, allergic reactions, inflammatory responses, and cancer. The cytoplasmic domains of TNFRs
vary in length from 40 to 200 residues with little sequence
homology and can be broadly classified into those that contain
‘‘death domains’’ (TNFR1, Fas, DR3, DR4, and DR5) and those
that do not (TNFR2, CD27, CD30, CD40, LT␤R, 4–1BB,
OX-40, ATAR, and RANK).
CD40 is a well characterized member of the TNFR family that
is expressed on all B lymphocytes as well as activated endothelial
cells, antigen-presenting dendritic and monocytic cells, and
synovial fibroblasts. CD40 signals are critical for B cell proliferation, growth, and differentiation (1–3). The receptor is also
expressed on epithelial carcinomas and has been shown to
promote spontaneous and chemotherapeutic drug-induced apoptosis in epithelial cancer cell lines (4, 5). We have determined
the crystal structure of a portion of the CD40 cytoplasmic
domain bound to a downstream signaling molecule, TRAF3.
TNFR-associated factors (TRAFs) are recently discovered
adaptor proteins that connect TNFRs to downstream signaling
pathways including the NF-B and c-JUN N-terminal kinase
(JNK) pathways (6–9). Six TRAF proteins have been identified
to date and are numbered sequentially in order of their discovery. From amino acid sequence homology, it was determined
that some features are conserved throughout the family. TRAFs
2–6 have ring fingers and zinc finger motifs (10, 11), followed by
the TRAF domain that is conserved in all TRAFs. This domain
mediates binding to the cytoplasmic domains of TNFRs. Gene
knockout studies in mice have demonstrated critical roles for
several of the TRAF proteins in signal transduction pathways
stimulated by TNFRs (12–15). Moreover, mutational analyses of
TRAF-binding sites within the cytoplasmic domains of TNFRs
have provided evidence that interactions of TRAFs with these
receptors are critical for many TNF-induced signaling and
cellular responses (9, 16–21).

Materials and Methods
Crystallization and Data Collection. The TRAF3 TRAF domain was

cloned, expressed, and purified by procedures to be described
elsewhere (C.-Z.N., K.W., J. Zheng, M. Havert, J.C.R., and
K.R.E., unpublished work). Crystals grew in two morphologically indistinguishable forms in Tris buffer at pH 6.5–8.3.
Crystals formed in space group P6322 with cell dimensions a ⫽
b ⫽ 83.8 Å, c ⫽ 212.6 Å, ␥ ⫽ 120° but diffracted only to 3.5 Å.
Crystals also formed in space group R32 with a ⫽ b ⫽ 84.5 Å,
c ⫽ 319.5 Å, ␥ ⫽ 120° and were used for data collection. There
is one monomer in the asymmetric unit. Crystals were transferred quickly to cryoprotectant solutions containing 35% (vol兾
vol) glycerol and frozen. A complete native data set to 2.6-Å
resolution was collected at ⫺165°C at the Stanford Synchrotron
Research Laboratory on beamline BL9-1. Diffraction images
were recorded on a MAR345 detector ( ⫽ 0.98 Å; MAR
Research, Hamburg). Data were reduced, scaled, and processed
with the programs DENZO and SCALEPACK (22). A summary of
data collection statistics is presented in Table 1.
Structure Solution and Refinement. The structure of the TRAF3

TRAF domain was solved by molecular replacement with
(23) and the atomic coordinates of the TRAF2 TRAF
domain (24) as the probe model, followed by simulated annealing in crystallography and NMR system (25). To improve the
phasing and to minimize bias from the molecular replacement
solution, phases from a heavy atom single isomorphous replacement were obtained by soaking crystals in thimerosol. A complete data set to 3.5 Å was collected at Stanford Synchrotron
Research Laboratory on beamline BL7-1. The heavy atom site
was located as a clear Patterson peak, and single isomorphous
replacement phases were calculated with the program SOLVE
(26). Phases from the single isomorphous replacement and
molecular replacement solutions were combined with the program MLPHARE (27). The final electron density map showed clear
solvent boundaries, and electron density was well defined for
residues 300–504. The structure was refined with alternating
cycles of simulated annealing and positional refinement and
manual model building in O (28). Finally, temperature factors (B
values) were included in the refinement. The R factor for the
final model, including 137 well ordered solvent molecules, was
25% (Rfree ⫽ 29%). The final refinement statistics are presented
in Table 1. Graphic images for the figures were created with
SPOCK (29) and RASTER-3D (30).
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Tumor necrosis factor receptors (TNFR) are single transmembranespanning glycoproteins that bind cytokines and trigger multiple
signal transduction pathways. Many of these TNFRs rely on interactions with TRAF proteins that bind to the intracellular domain of
the receptors. CD40 is a member of the TNFR family that binds to
several different TRAF proteins. We have determined the crystal
structure of a 20-residue fragment from the cytoplasmic domain of
CD40 in complex with the TRAF domain of TRAF3. The CD40
fragment binds as a hairpin loop across the surface of the TRAF
domain. Residues shown by mutagenesis and deletion analysis to
be critical for TRAF3 binding are involved either in direct contact
with TRAF3 or in intramolecular interactions that stabilize the
hairpin. Comparison of the interactions of CD40 with TRAF3 vs.
TRAF2 suggests that CD40 may assume different conformations
when bound to different TRAF family members. This molecular
adaptation may influence binding affinity and specific cellular
triggers.

Table I. Summary of crystallographic data and refinement

Space Group
Unit cell dimensions
Molecules兾asymmetric unit
Data completeness
Observed reflections
Unique reflections
Rmerge*
Final refinement statistics
R factor†
Rfree‡
Average B factor
Number of protein atoms
Number of CD40 peptide atoms
Number of water molecules
rms deviation bond lengths
rms deviation bond angles

Native

Complex (with CD40 peptide)

R32
a ⫽ b ⫽ 84.53 Å, c ⫽ 319.5 Å
1 monomer
98.7% (50–2.8 Å)
59,634
11,198
5.6% (26%)

P6322
a ⫽ b ⫽ 83.76 Å, c ⫽ 212.6 Å
1 monomer
86.2% (50–3.5 Å)
34,451
5,283
10.6% (30%)

25.3% (8.0–2.8 Å)
29.4% (8.0–2.8 Å)
42.5
1,626
None
137
0.007 Å
1.31°

26.2% (8.0–3.5 Å)
34.7% (8.0–3.5 Å)
24.1 (protein ⫹ peptide)
1,626
154
None
0.008 Å
1.48°

*Rmerge ⫽ 兺(兩I ⫺ 具I典兩)兾兺(I), where I is the observed intensity and 具I典 is the mean intensity of all symmetry-related reflections.
†R factor ⫽ 兺兩兩F 兩 ⫺ 兩F 兩兩兾兺兩F 兩, where 兩F 兩 and 兩F 兩 are the observed and calculated structure factor amplitudes, respectively.
o
c
o
o
c
‡R
free was calculated by using a random set containing 5% of observations that were omitted during refinement.

Peptide Cocrystallization. A synthetic peptide, KTAAPVQETLHGSQPVTQEDG, corresponding to residues 247–266 (plus an
N-terminal lysine added to increase solubility) from the cytoplasmic domain of CD40 was soaked into crystals of TRAF3.
Diffraction data were collected from crystals of the bound
TRAF3 TRAF domain in space group P6322 at Stanford Synchrotron Research Laboratory on beamline BL7-1 at ⫺165°C by
using a MAR345 detector. The data set from 8.0 to 3.5 Å was
used for a molecular replacement solution implementing
the TRAF3 atomic coordinates as probe model in AMORE (23).
The final R factor for the TRAF3–peptide complex was 26%
(Rfree ⫽ 34%).

Results and Discussion
Structure of TRAF3. TRAF3, also known as CD40bp (19), CAP-1

(31), LAP-1 (32), and CRAF-1 (17), binds to the CD40 receptor,
to other related receptors, including TNFR-2, CD30, and LT␤R, and to the transforming oncoprotein of Epstein–Barr virus
latent-infection membrane protein 1 (LMP-1). Binding of
TRAF3 to these receptors modulates activation of NF-B (9).
Moreover, TRAF3 gene knockout mice are depleted in T cells
and exhibit an impaired T-dependent immune response (14).
These studies suggest that TRAF3 is required for hematopoietic
and immune system development and T cell activation.
The TRAF domain of TRAF3 is composed of two structural
features: an N-terminal ␣-helical segment (TRAF-N domain)
extending from residues 277 to 347 and a C-terminal domain
(TRAF-C domain) that is independently folded into an eightstranded ␤-sandwich. The folding pattern is similar to that
reported recently for TRAF2 (24, 33) as shown in Fig. 1A.
TRAF3 is a trimer in the crystal with three identical subunits
related by crystallographic 3-fold symmetry. The trimer is
stabilized by hydrophilic (Y418–T347, H331–K493, and R334–
D332) and hydrophobic interactions (L421–M435–F491)
between the ␤-sandwiches as well as coiled-coil interactions
between the intertwined N-terminal helical segments (Fig. 1B).
The elongated helical segments extend 77 Å away from the
TRAF-C domain cluster, forming the stalk of the mushroomshaped trimer (see Fig. 3).
Structure of CD40 Fragment. In the complex, one CD40 peptide

binds to the edge of each of the three TRAF domains, making
no contacts to other TRAF domain monomers. When bound to

10396 兩 www.pnas.org

TRAF3, the CD40 fragment assumes a hairpin configuration
with two extended segments and a reverse turn centered at
residues 258–260 (see Figs. 2 and 3). A consensus sequence
PxQx(T兾S), proposed for TRAFs 1–3 binding to CD40, CD30,
and LMP-1 receptors, is 250PVQET254 in CD40. Conserved
residues within this sequence lie in a crevice across the face of
the ␤-sandwich in position to make hydrophobic (P250) and
hydrophilic contacts with TRAF3 (Fig. 3B). Glu-252 does not
make direct contact with TRAF3, but within the range of
motion, the side chain could form hydrogen bonds with one or
more conserved serines (TRAF3 residues 454, 455, and兾or 456).
This interaction was proposed as a critical anchoring point in
TRAF2 for specific recognition of TNFRs (33, 34); however,
from the current structure, it does not seem to be essential for
TRAF3兾CD40 binding.
It has been suggested that differences in binding of TRAF3
versus TRAF2 to CD40 are influenced by residues distal to the
PxQxT sequence (9, 35). Because of these suggestions, we
cocrystallized a CD40 fragment long enough to examine these
residues as well. The cytoplasmic portion of CD40 alone contains
little regular secondary structure in solution (as determined by
NMR; results not shown), consistent with secondary structure
predictions of this region. In the complex studied here, the CD40
peptide assumes an ordered configuration when bound to
TRAF3. The two strands flanking the reverse turn do not
interact with regular hydrogen bonding typical of ␤-hairpins.
Instead, the configuration is apparently stabilized by hydrogen
bonds involving T254 in the PxQxT consensus sequence. The
threonine side chain makes intrapeptide hydrogen bonds with
the main chain of D265 and E264 on the adjacent strand (Fig.
3B). It is known from mutagenesis studies that substitution of any
residue other than serine for T254 abolishes binding of TRAF2
and TRAF3 to CD40 (9, 20, 35). From the present structural
analysis, it is clear that a side chain with a hydroxyl group is
required to maintain a stable CD40 hairpin configuration rather
than to make contact with TRAF3. If a similar hairpin configuration exists in interaction with TRAF2, a comparable structural requirement may be necessary but not sufficient to maintain the hairpin structure, because residues beyond 258 were not
ordered in the complex of the same CD40 peptide with TRAF2
(34). In the TRAF2 studies, CD40 T254 or its equivalent in the
related LMP-1 receptor was located near protein atoms in a
position to hydrogen bond with TRAF2 D399 (33, 34).
Ni et al.

point is made when the carboxyl group of D399 in TRAF3
contacts the main chain carbonyl atom of Q263. Consistent with
these structural observations, substitution of alanine for Glu-263
significantly reduces binding of CD40 to TRAF3 but not to
TRAF2 (9, 20). C-terminal truncations of 15 residues from the
cytoplasmic portion of CD40, corresponding to removal of Q263
and the following residues, abolished binding of TRAF3 to CD40
but only reduced binding to TRAF2 (9).
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TRAF3兾CD40 Recognition. The importance of CD40 T254 and Q263
for TRAF3 binding was evaluated further in binding studies by
using surface plasmon resonance for a series of synthetic peptides that contained alanines substituted systematically at each of
17 positions in the CD40 hairpin. The assay tested inhibition of
binding of wild-type CD40 cytoplasmic domain to TRAF3 by the
mutant peptides (Fig. 4). The results confirmed that T254 and
Q263 are critical for TRAF3 binding. The role of these two
residues is different. T254 stabilizes the reverse turn by forming
hydrogen bonds with two residues that are located on the
opposite strand of the CD40 hairpin. These contacts are with
residues C-terminal to Q263; thus, the CD40 T254 intramolecular contact plays an important role in establishing the configuration of the reverse turn and thus the orientation of Q263. In
contrast, the direct contact between Q263 and TRAF3 is critical
for TRAF3兾CD40 recognition. Q263 contacts TRAF3 Y395 and
D399. These residues are conserved in TRAFs 1, 2, 3, and 5.
Therefore, it is theoretically possible for identical contacts to be
made by all of these TRAF molecules with CD40. However, as
stated previously, differences have been reported in binding of

Fig. 1.
The overall structure of the TRAF3 subunit is composed of an
elongated helix followed by an eight-stranded ␤-sandwich (TRAF domain). (A)
Superimposition of the polypeptide backbone of the C-terminal TRAF domain
of TRAF3 (red) and TRAF2 (24). The rms deviation between corresponding
␣-carbons is 1 Å. Strong homology (59% identical) exists between TRAF3 and
TRAF2 in this domain. The sandwich is formed by two layers of ␤-sheet, each
with four antiparallel strands. The topology of this ␤-sandwich is found thus
far only in TRAF domains. (B) The TRAF-N domain of TRAF3 is a long amphipathic ␣-helix that forms a coiled-coil when TRAF3 trimerizes (see Fig. 3).
Residues 300 –347 were ordered in the electron density map. The coiled-coil
interactions are stabilized by nine heptad repeats of hydrophobic residues.
This hydrophobic pattern is interrupted at residues 324 and 331 where three
histidines are found in the interior of the coiled-coil. The side chains of these
histidines extend out of the coiled-coil. The TRAF3 fragment is considerably
longer at the N terminus than the TRAF2 fragment, where residues from the
N terminus were missing or disordered (24, 33). This model provides structural
details for most of the helical TRAF-N region.

Another difference in TRAF3 versus TRAF2 interactions
with CD40 is revealed in comparing E253 in the respective
complexes. When binding to TRAF2, this residue makes a
bidentate ion pair with TRAF2 residues R393 and Y395 (33, 34).
In contrast, CD40 E253 does not contact R393 and Y395 in
TRAF3. However, a different critical contact is made with one
of these residues. The side chain of Q263, on the other side of
the CD40 hairpin, forms hydrogen bonds with side chain atoms
of Y395 in TRAF3 (see Fig. 3B). Another interaction near this
Ni et al.

Fig. 2. Model for the CD40 fragment displayed in the electron density map.
The 3.5-Å 2Fo ⫺ Fc map was contoured at 0.75 and is displayed in stereo. For
modeling, the peptide was fitted to Fo ⫺ Fc difference maps and OMITMAPS (36).
Clear electron density was visible for the backbone to position the bound
peptide; however, density was weak for some side chains. The reverse turn
configuration was clearly defined.
PNAS 兩 September 12, 2000 兩 vol. 97 兩 no. 19 兩 10397

Fig. 3. TRAF3兾CD40 interactions. (A) Schematic drawing of the TRAF3 trimer with the polypeptide backbone of TRAF3 presented as a ribbon model and the
CD40 peptide shown as a ball and stick model. One CD40 fragment binds to each TRAF3 monomer at the edge of the TRAF3 domain, crossing one ␤-sheet. No
conformational changes were seen when comparing TRAF3 alone or bound to CD40. (B) Close-up view of the CD40 fragment bound to TRAF2 and TRAF3. Residues
in CD40 are labeled, and critical contact residues in TRAF3 are also marked and underlined for identification. Interactions within 3.0 Å that are proposed to dictate
specific recognition of CD40 and TRAF3 or TRAF2 are shown as dotted lines. The images show intramolecular hydrogen bonds within the CD40 fragment that
stabilize the reverse turn (Middle) and direct contacts between CD40 and TRAF3 (Bottom). These images can be contrasted with the contacts in TRAF2 (Top; 1CZZ-;
based on figure 3 of Ye et al. in ref. 34).

different TRAFs to CD40 (9). In the absence of ordered
structure for a comparable fragment of CD40 in complex with
TRAF2, it is not possible to evaluate the extent of interactions
10398 兩 www.pnas.org

that occur distal to the PVQET motif. The observation that
C-terminal deletion of 11 or 13 residues (equivalent to K267–end
or D265–end) reduces binding of CD40 to TRAF2 but not
Ni et al.

TRAF3 (9) further suggests that CD40 may assume different
conformations on binding to these two TRAF molecules. This
molecular adaptation would be consistent with the observation
that substitution of alanine for glutamine at position 263 affects
binding of CD40 to TRAF3 but not TRAF2. Further comparative structural studies are needed to define the specific recognition of CD40 and other TNFRs by individual TRAFs.

crystallography and NMR system program). The final R factor was
reduced to 22.4% (Rfree ⫽ 28.6%). The structures were identical within
0.3-Å rms deviation for all atoms. Coordinates deposited are those from
refinement of the twinned data.

Note Added in Proof. While pursuing further binding analyses with the
TRAF3 crystals, we observed twinning of the crystals. It was then
recognized that the data used for this study were derived from twinned
crystals, space groups R3 and P321. The refinement was calculated again
by using simulated annealing for the data with hemihedral twinning (in
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Fig. 4. Inhibition of TRAF3 binding to CD40 by synthetic peptides. Binding was measured by using surface plasmon resonance with a BIACORE 3000 instrument
(Biacore AB, Uppsala). A recombinant fragment representing the entire cytoplasmic domain of CD40 was cloned as a glutathione S-transferase fusion protein,
expressed in Escherichia coli, and purified by affinity chromatography on a glutathione-Sepharose (Amersham Pharmacia) column. The fusion partner was
removed by thrombin digestion, and the CD40 fragment was purified by ion-exchange chromatography. The CD40 domain was immobilized on a Biacore CM5
sensor chip, and the TRAF3 TRAF domain was injected at 3.5 M. The Left sensorgram shows the relative response for binding interactions between immobilized
CD40 and TRAF3 and inhibition of this binding by a synthetic peptide from the cytoplasmic domain of CD40 (250PVQETLHGCQPVTQEDG266). A series of peptides
with alanine substituted singly for each residue in the fragment was tested for inhibition of binding of TRAF3 to CD40. Mutant peptides were injected at
concentrations ranging from 20 to 500 M. As can be seen from the Center and Right sensorgrams, striking changes in inhibition were observed when alanine
was substituted for Q263 or T254, suggesting reduced binding of the mutant fragments. Substitution of alanine for other residues in the peptide did not
significantly alter levels of inhibition observed with the wild-type (WT) peptide.

