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Tumor necrosis factor receptors (TNFR) signal events in immune

responses, Ig class switching, activation of NF-�B or regulation of

apoptosis. TNFR-associated factors (TRAFs) are adaptor proteins

that connect TNFRs to downstream signaling pathways, including the

NF-�B and c-JUN N-terminal kinase (JNK) pathways. Members of

the TRAF family exist as trimers and share a conserved TRAF

domain that mediates binding to the cytoplasmic domains of TNFRs.

The TRAF domain from TRAF3 has been crystallized. In addition,

an N-terminally truncated form of the domain has been crystallized in

space group P321 with a shortened c axis and markedly improved

diffraction (2.5 AÊ resolution).
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1. Introduction

The question of how TNF-receptor signaling

affects events such as immune responses or

regulation of apoptosis is central to under-

standing immune disorders and cancer

(Bazzoni & Beutler, 1996; Naismith & Sprang,

1998; Smith et al., 1994). TNF-receptor-

associated factors (TRAFs) are proteins that

bind to the cytoplasmic domains of TNF

receptors and are co-inducers of downstream

signaling. Importantly, TRAFs bind selectively

to different TNF receptors. As adaptor

proteins, TRAFs can activate intracellular

signaling pathways including the NF-�B and

c-JUN N-terminal kinase (JNK) pathways

(Natoli et al., 1997; Liu et al., 1996; Grammer et

al., 1998; Leo, Welsh et al., 1999; Leo, Zapata et

al., 1999; for a review, see Gravestein & Borst,

1998). TRAFs are also part of an interacting

web of molecules that promote either cell

death or survival depending on the cellular

context (reviewed in Dragovich et al., 1998).

Signals from the TNF receptor CD40 are

critical for B-lymphocyte proliferation, growth

and differentiation (Vogel & Noelle, 2000; Foy

et al., 1996; Banchereau et al., 1994; Clark &

Ledbetter, 1994). Thus, the role of CD40 in the

humoral response and regulation of apoptosis

is relevant to a number of human diseases, such

as autoimmune disorders, allergy and asthma.

CD40 also contributes to neoplastic cell regu-

lation, partially through its effects on apop-

tosis. For example, the CD40 trigger has been

shown to promote spontaneous and chemo-

therapeutic drug-induced apoptosis in epithe-

lial cancer cell lines, including ovarian, bladder,

colorectal and breast carcinomas (Eliopoulos

et al., 1996, 1997). Alternatively, CD40 gener-

ally provides signals that enhance survival and

proliferation of malignant B cells, including

follicular B-cell non-Hodgkin's lymphoma

(the most common lymphoma) and chronic

lymphocytic leukemia (CLL; the most common

form of leukemia). Thus, the CD40 receptor

pathway and the TRAF molecules that

propagate CD40 signals represent a new focus

for targets that may have utility in cancer

treatment (Eliopoulos et al., 2000).

Six TRAF proteins have been identi®ed

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 ®ngers and zinc-®nger

motifs (Freemont, 1993; Schwabe & Klug,

1994), followed by the TRAF domain that is

conserved in all TRAFs. This domain mediates

binding to the cytoplasmic domains of TNFRs.

TRAF proteins play critical roles in signal

transduction pathways stimulated by TNFRs

(Lomaga et al., 1999; Nakano et al., 1999; Xu et

al., 1996; Yeh et al., 1997). The interactions of

TRAFs with these receptors have been de®ned

by mutational analyses, demonstrating that the

interactions are required for many TNF-

induced signaling events (Leo, Welsh et al.,

1999; Leo, Zapata et al., 1999; Akiba et al.,

1998; Cheng et al., 1995; Hostager & Bishop,

1999; Hu et al., 1994; Lee et al., 1999).

To provide a molecular framework for

understanding the role of TRAFs in TNF-

induced signaling, we have crystallized the

TRAF domain of TRAF3 containing the

contact regions for the cytoplasmic domain of

CD40 and other TNF receptors. Here, we

report the crystallization conditions used to

produce high-quality crystals for use in studies

of the domain. Proteolytic trimming was used

to promote the production of crystals with
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increased resolution, facilitating structural

studies of the protein alone or in complex

with peptides from the interacting regions of

TNF receptors.

2. Experimental

2.1. Purification

A fragment of TRAF3 encoding the

TRAF3 NC region (residues 341±568) was

expressed as a His6-fusion protein from

plasmids inserted into a pET21b vector and

transformed into E. coli BL21 DE3 cells.

Bacterial cultures were grown in LB/amp

media at 310 K to a cell density approx-

imating to A600 = 0.8±0.9. Protein expression

was induced by the addition of 0.5 mM

IPTG and the cultures were incubated for

4 h at 299 K. Cells were harvested by

centrifugation, ¯ash-frozen and stored at

193 K. Frozen cells were thawed and lysed

by douncing in denaturing lysis buffer (6 M

urea, 25 mM Tris pH 7.5, 5 mM imidazole,

5 mM �-mercaptoethanol, 50 mg mlÿ1 lyso-

zyme). The lysate was clari®ed by centrifu-

gation and the soluble fraction was applied

to Ni2+±NTA agarose resin (Qiagen, Inc.)

which had been equilibrated with dena-

turing lysis buffer. The loaded column was

washed overnight at 277 K with denaturing

buffer. TRAF3 was then renatured while

bound to the resin using a linear gradient

from 4 to 0 M urea in 25 mM Tris pH 7.5,

5 mM �-mercaptoethanol. Finally, TRAF3

was eluted using a linear gradient of 0 to

0.4 M imidazole in 25 mM Tris pH 7.5,

150 mM NaCl, 5 mM �-mercaptoethanol.

To produce a shortened molecule for

crystallization trials, puri®ed TRAF3 was

subjected to limited proteolysis. TRAF3 was

digested with trypsin in 25 mM Tris buffer

pH 7.5, 150 mM NaCl, 5 mM �-mercapto-

ethanol using a 1:750 enzyme:protein molar

ratio and the reaction was allowed to

proceed for 4 h at 277 K. The reaction was

terminated by the addition of 1 mM AEBSF.

`Short' TRAF3 was separated from the

cleaved peptide product by gel-®ltration

chromatography using Sephacryl S-100

(Pharmacia, Inc.). Mass spectrometry was

used to con®rm that 36 residues were

removed from the N-terminus of TRAF3 by

tryptic cleavage.

2.2. Crystallization

TRAF3 and the proteolytically shortened

TRAF3 fragment were each tested for

crystallization. The proteins were ®rst

dialyzed into crystallization buffer: 10 mM

Tris pH 7.5, 150 mM NaCl, 1 mM DTT,

1 mM EDTA. The samples were concen-

trated to 3.5 mg mlÿ1 and

screened using the Crystal

Screen I and II reservoir solu-

tions (Hampton Research, Inc.,

CA, USA) in vapor-diffusion

format with hanging drops at

room temperature. Trials were

prepared by mixing 3 ml protein

with 3 ml reservoir solution.

From the initial screen, several

conditions produced thin needle

crystals. Crystallization condi-

tions were screened further by

varying the pH and precipitant

concentrations and conducting

an additive search. Crystals

suitable for diffraction were

obtained from crystallization

buffer plus 10±15% methanol as

reservoir solution. Hexagonal

prisms (or half-hexagonal trape-

zoids) formed in 2±3 d at room temperature.

The crystals grew in two morphologically

indistinguishable space groups and exhibited

hemihedral twinning. The ®rst crystals

formed in space group R3, with unit-cell

parameters a = b = 84.5, c = 319.6 AÊ , and the

second crystal form belonged to space group

P321, with unit-cell parameters a = b = 83.8,

c = 212.6 AÊ . Both crystals had a high solvent

content of 70% and diffracted to 2.8 and

3.5 AÊ , respectively (see Table 1).

The proteolytically truncated TRAF3

protein crystallized from reservoir solutions

containing 15% PEG 4000 in 0.1 mM MES

pH 6.5. Hexagonal crystals grew at room

temperature in 2±3 d. The space group for

these crystals was P321, with unit-cell para-

meters a = b = 83.1, c = 77.8 AÊ . These crystals

with modi®ed TRAF3 had a lower solvent

content (64%), were signi®cantly improved

with respect to stability and reproducibility

and diffracted beyond 2.5 AÊ resolution (see

Table 1).

2.3. Data collection

Crystals were transferred to cryoprotec-

tant solution containing 35% glycerol in

crystallization buffer. X-ray diffraction data

were collected at 108 K at the Stanford

Synchrotron Research Laboratory (SSRL;

beamlines 9-1 or 7-1) using a MAR345

image-plate detector. Data were indexed

and processed using DENZO and SCALE-

PACK (Otwinowski & Minor, 1997). In each

of the crystal forms TRAF3 is a trimer with

crystallographic threefold symmetry relating

the subunits within the complete TRAF3

molecule. The data-collection statistics are

presented in Table 1.

3. Results and discussion

The improved crystals that have been

obtained with the proteolytically trimmed

TRAF3 fragment diffract to high resolution

and are suitable for binding studies with

peptides or short fragments derived from the

cytoplasmic domain of TNFRs. TRAF3 is a

mushroom-shaped molecule (Ni et al., 2000)

composed of an N-terminal �-helical

segment (TRAF N-domain) and a C-

terminal �-sandwich (TRAF C-domain).

The TRAF3 trimer is stabilized mainly by

formation of a coiled coil between inter-

twined N-terminal helical segments. In the

crystal the intermolecular packing inter-

actions between TRAF3 trimers in the

crystal lattice are exclusively between the

TRAF C-domains. Truncation of the

N-terminus by tryptic digestion shortened

the helical segment by 36 residues. The

effect of this truncation on crystal packing is

seen in the dramatic decrease in the c cell

dimension from 212.6 to 78.3 AÊ . Conse-

quently, the diffraction limit of crystals

produced with the shorter TRAF3 molecule

is markedly improved. It is interesting to

note in other studies that the N-terminus of

TRAF2 was also cleaved with trypsin prior

to crystallization (Park et al., 1999;

McWhirter et al., 1999).

The crystal lattice of the TRAF3 crystals

contains large solvent channels, primarily

around the extended coiled-coil region of

the trimer (Ni et al., 2000). Peptides of at

least 20 residues in length can be soaked into

these crystals. We have already demon-

strated that peptides derived from CD40,

bearing the PxQxT recognition motif that is

shared among TNFRs that bind to TRAFs,

can be targeted to the binding crevice on

Table 1
Crystallographic data and data collection statistics.

Crystals Form I Form II Truncated

Space group R3 P321 P321
Unit-cell parameters

(AÊ , �)
a = b = 84.5,

c = 319.5,
 = 120

a = b = 83.8,
c = 212.6,
 = 120

a = b = 83.1,
c = 77.8,
 = 120

Data collection
Resolution (AÊ ) 2.8 3.5 2.5
No. of observed

re¯ections, I � 0
59690 34625 50911

No. of unique
re¯ections, I � 0

20792 16569 9905

Rmerge² (%) 5.1 7.8 5.7
Completeness (%) 98.5 78.7 87.8
Average I/�(I) 21.7 11.0 24.8

Monomers per
asymmetric unit

2 2 1

VM (AÊ 3 Daÿ1) 4.1 4.0 3.4
Solvent content (%) 70 69 64

² Rmerge =
P jI ÿ hIij=P I, where I is the observed intensity and hIi is the

mean intensity of all symmetry-related re¯ections.
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TRAF3 (Ni et al., 2000) after soaking. In

previous work, the CD40 contacts were

de®ned in the TRAF3 crevice and compared

with contacts of the same motif with TRAF2

(Ye et al., 1999; McWhirter et al., 1999). The

comparison suggested that CD40 may

assume different conformations when bound

to different TRAF family members. With

the new TRAF3 crystals reported here, it is

possible to pursue binding studies of TRAF3

and TNFRs at high resolution. The complex

structures determined from such experi-

ments can guide the design of inhibitors and

potentially provide the basis for small-

molecule development based on the peptide

structures.

The authors are grateful to the staff at

Stanford synchrotron facility SSRL and to

Seshu Hammond for preparing the manu-

script. This work was supported by NIH

grant CA69381.

References

Akiba, H., Nakano, H., Nishinaka, S., Shindo, M.,
Kobata, T., Atsuta, M., Morimoto, C., Ware,
C. F., Malinin, N. L., Wallach, D., Yagita, H. &
Okumura, K. (1998). J. Biol. Chem. 273, 13353±
13358.

Banchereau, J., Bazan, F., Blanchard, D., Briere,
F., Galizzi, J. P., van Kooten, C., Liu, Y. J.,
Rousset, F. & Saeland, S. (1994). Annu. Rev.
Immunol. 12, 881±922.

Bazzoni, F. & Beutler, B. (1996). New Engl. J.
Med. 334, 1717±1725.

Cheng, G., Cleary, A. M., Ye, Z. S., Hong, D. I.,
Lederman, S. & Baltimore, D. (1995). Science,
267, 1494±1498.

Clark, E. A. & Ledbetter, J. A. (1994). Nature
(London), 367, 425±428.

Dragovich, T., Rudin, C. M. & Thompson, C. B.
(1998). Oncogene, 17, 3207±3213.

Eliopoulos, A. G., Davies, C., Knox, P. G.,
Gallagher, N. J., Afford, S. C., Adams, D. H. &
Young, L. S. (2000). Mol. Cell. Biol. 20, 5503±
5515.

Eliopoulos, A. G., Dawson, C. W., Mosialos, G.,
Floettmann, J. E., Rowe, M., Armitage, R. J.,
Dawson, J., Zapata, J. M., Kerr, D. J., Wakelam,
M. J., Reed, J. C., Kieff, E. & Young, L. S.
(1996). Oncogene, 13, 2243±2254.

Eliopoulos, A. G., Stack, M., Dawson, C. W., Kaye,
K. M., Hodgkin, L., Sihota, S., Rowe, M. &
Young, L. S. (1997). Oncogene, 14, 2899±2916.

Foy, T. M., Aruffo, A., Bajorath, J., Buhlmann, J. E.
& Noelle, R. J. (1996). Annu. Rev. Immunol. 14,
591±617.

Freemont, P. S. (1993). Ann. NY Acad. Sci. 684,
174±192.

Grammer, A. C., Swantek, J. L., McFarland, R. D.,
Miura, Y., Geppert, T. & Lipsky, P. E. (1998). J.
Immunol. 161, 1183±1193.

Gravestein, L. A. & Borst, J. (1998). Semin.
Immunol. 10, 423±434.

Hostager, B. S. & Bishop, G. A. (1999). J.
Immunol. 162, 6307±6311.

Hu, H. M., O'Rourke, K., Boguski, M. S. & Dixit,
V. M. (1994). J. Biol. Chem. 269, 30069±30072.

Lee, H. H., Dadgostar, H., Cheng, Q., Shu, J. &
Cheng, G. (1999). Proc. Natl Acad. Sci. USA, 96,
9136±9141.

Leo, E., Welsh, K., Matsuzawa, S., Zapata, J. M.,
Kitada, S., Mitchell, R. S., Ely, K. R. & Reed,
J. C. (1999). J. Biol. Chem. 274, 22414±22422.

Leo, E., Zapata, J. M. & Reed, J. C. (1999). Eur. J.
Immunol. 29, 3908±3913.

Liu, Z. G., Hsu, H., Goeddel, D. V. & Karin, M.
(1996). Cell, 87, 565±576.

Lomaga, M. et al. (1999). Genes Dev. 13, 1015±
1024.

McWhirter, S. M., Pullen, S. S., Holton, J. M.,
Crute, J. J., Kehry, M. R. & Alber, T. (1999).
Proc. Natl Acad. Sci. USA, 96, 8408±8413.

Naismith, J. H. & Sprang, S. R. (1998). Trends
Biochem. Sci. 23, 74±79.

Nakano, H., Sakon, S., Koseki, H., Takemori, T.,
Tada, K., Matsumoto, M., Munechika, E., Sakai,
T., Shirasawa, T., Akiba, H., Kobata, T., Santee,
S. M., Ware, C. F., Rennert, P. D., Taniguchi, M.,
Yagita, H. & Okumura, K. (1999). Proc. Natl
Acad. Sci. USA, 96, 9803±9808.

Natoli, G., Costanzo, A., Ianni, A., Tempelton,
D. J., Woodgett, J. R., Balsano, C. & Levrero, M.
(1997). Science, 275, 200±203.

Ni, C.-Z., Welsh, K., Leo, E., Chiou, C.-K., Wu, H.,
Reed, J. C. & Ely, K. R. (2000). Proc. Natl Acad.
Sci. USA, 97, 10395±10399.

Otwinowski, Z. & Minor, W. (1997). Methods
Enzymol. 276, 307±326.

Park, Y. C., Burkitt, V., Villa, A. R., Tong, L. &
Wu, H. (1999). Nature (London), 398, 533±
538.

Schwabe, J. W. & Klug, A. (1994). Nature Struct.
Biol. 1, 345±349.

Smith, C. A., Farrah, T. & Goodwin, R. G. (1994).
Cell, 76, 959±962.

Vogel, L. A. & Noelle, R. J. (2000). Semin.
Immunol. 10, 435±442.

Xu, Y., Cheng, G. & Baltimore, D. (1996).
Immunity, 5, 407±415.

Ye, H., Park, Y. C., Kreishman, M., Kieff, E. & Wu,
H. (1999). Mol. Cell, 4, 321±330.

Yeh, W. C., Shahinian, A., Speiser, D., Kraunus, J.,
Billia, F., Wakeham, A., de la Pompa, J. L.,
Ferrick, D., Hum, B., Iscove, N., Ohashi, P.,
Rothe, M., Goeddel, D. V. & Mak, T. W. (1997).
Immunity, 7, 715±725.


