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ABSTRACT: Signaling by some TNF receptor family members, including CD40, is mediated by TNF
receptor-associated factors (TRAFs) that interact with receptor cytoplasmic domains following ligand-
induced receptor oligomerization. Here we have defined the oligomeric structure of recombinant TRAF
domains that directly interact with CD40 and quantitated the affinities of TRAF2 and TRAF3 for CD40.
Biochemical and biophysical analyses demonstrated that TRAF domains of TRAF1, TRAF2, TRAF3,
and TRAF6 formed homo-trimers in solution. N-terminal deletions of TRAF2 and TRAF3 defined minimal
amino acid sequences necessary for trimer formation and indicated that the coiled coil TRAF-N region is
required for trimerization. Consistent with the idea that TRAF trimerization is required for high-affinity
interactions with CD40, monomeric TRAF-C domains bound to CD40 significantly weaker than trimeric
TRAFs. In surface plasmon resonance studies, a hierarchy of affinity of trimeric TRAFs for trimeric
CD40 was found to be TRAF2 TRAF3> TRAF1 and TRAF6. CD40 trimerization was demonstrated

to be sufficient for optimal NFB and p38 mitogen activated protein kinase activation through wild-type
CD40. In contrast, a higher degree of CD40 multimerization was necessary for maximal signaling in a
cell line expressing a mutated CD40 (T254A) that signaled only through TRAF6. The affinities of TRAF
proteins for oligomerized receptors as well as different requirements for degree of receptor multimerization
appear to contribute to the selectivity of TRAF recruitment to receptor cytoplasmic domains.

Tumor necrosis factor (TNFyeceptor-associated factors factor«B (NF-«B) (7, 8). Mice with a deletion of the TRAF3
(TRAFs) interact with the cytoplasmic domains of many TNF gene have an impaired T cell-dependent immune response
receptor superfamily members, including TNFR2, CD40, and display an early postnatal lethal phenoty@e {When
CD30, LTSR, HVEM (ATAR), OX-40, and RANK (—3). transiently expressed in mammalian cells TRAF5 and TRAF6
Receptor oligomerization with trimeric ligands is thought to mediate NF«B and JNK activation 10, 11). TRAF6 also
initiate signaling by recruitment of TRAF proteins to receptor can induce extracellular signal-regulated kinase (ERK) (
cytoplasmic domains. To date, six TRAF family members and p38 MAPK activation2).

be elucidated. CD8T cells from transgenic mice expressing  domains. In the C-terminal half, or TRAF domain, a highly
TRAF1 are refractory to activation-induced cell death, conserved C-terminal region (TRAF-C) mediates binding to
implicating TRAFL1 in regulating apoptosis)( Genetic  receptor cytoplasmic domains and interactions with several
analyses have demonstrated TRAF2 is required for c-Jungther proteins such as NéB inducing kinase (NIK) and
N-terminal kinase (JNK) activation5( ). When overex- | .TRAF/TANK (13-15). The N-terminal region of the
pressed transiently in mammalian cells, TRAF2 also activateSTRAF domain (TRAF-N) is a coiled coil that mediates
p38 mitogen activated protein kinase (MAPK) and nuclear interactions with c-IAP1, c-IAP2, Casper, and A2B( 17.
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Ingelheim Pharmaceuticals, Inc., 900 Ridgebury Rd, P.O. Box 368, merization @, 13, 18, 19. The recent de,term'nat'on of the
Mail code R6-5, Ridgefield, CT 06877-0368. Telephone: 203-791- crystal structure of the TRAF domain of TRAF2 has
6153. Fax: 203-791-6196. EMail: mkehry@bi-pharm.com. demonstrated that it forms a trimer with both TRAF-N and

. LBJO?h””.ger Ingelheim Pharmaceuticals, Inc. TRAF-C domains contributing to the trimeric structug®(

niversity of California. . . .

1 Abbreviations: TNF, tumor necrosis factor; TRAF, TNF receptor-  21). With the exception of TRAF1, all TRAFs contain a

associated factor; TNFR, TNF receptor; AR, lymphotoxing receptor; predicted RING and five or seven predicted zinc finger

VEM (ATAR), herpesvirus entry mediator; NEB, nuclear factokB; motifs N-terminal to the TRAF domain that are required for
JNK, c-Jun N-terminal kinase; MAPK, mitogen-activated protein kinase; NF-«B and JNK activation {1, 19, 22, 28

ERK, extracellular signal-regulated kinase; CD40c, CD40 cytoplasmic
domain; GST, glutathion&-transferase; GSTCD40c, GST fusion Because many TNF receptor superfamily members signal

protein with CD40c; I1Zip-CD40c, modified trimeric GCN4 isoleucine ot ; e
zipper—CD40c fusion protein; CD40L, CD40 ligand; sCD40L, soluble through similar subsets of TRAF proteins, it is important to

human CD40L: CD8—CD40L, mouse CD&—human CD40L fusion understand how specificity is generated in TRAF-mediated
protein; PCR, polymerase chain reaction. signaling. An additional complexity in some receptors is the
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presence of more than one TRAF binding site (CD40, CD30, fragment was ligated into pET-23d/CD40c to make pET-
and TRANCE/RANK) (8, 24-26). The CD40 receptor on  23d/IZip—CD40c.
antigen-presenting cells provides signals critical to propaga- To produce soluble trimeric human CD40L (sCD40L),
tion of T cell-dependent immune respons2g)( Outcomes DNA encoding the TNE homologous portion of the human
of CDA40 signaling in B cells include induction of prolifera- CD40 ligand extracellular domain (amino acids &ty
tion and differentiation and regulation of expression of through Led®) (32, 33 was PCR-amplified from a full-
surface proteins2@). The CD40 binding site for TRAF1, length cDNA clone (K. Kishimoto, K. Meek, P. Lipsky, and
TRAF2, and TRAF3 has been mapped to the sequenceM. R. Kehry, unpublished results) using the oligonucleotides
ZPVQET (@2, 18. The TRAF6 binding site in CD40is 5-GGTTGGTTCATATGGGTGATCAGAATCCT-
more membrane proximal, and has been mapped to theCAAATTGC-3 and 3-CCAACCAAGCGGCCGCTTAT-
sequence*®QEPQEINF (2, 18. In TNF receptor family CAGAGTTTGAGTAAGCCAAAGGA-3. The resulting 473
members that bind TRAFs, each TRAF binding site, with bp PCR product was digested witlud andNotl and cloned
the exception of the TRAF6 binding site, appears to interact into the same sites of pET20b) (Novagen) to generate
with more than one TRAF13). This implies that signals  pET20b/CD40L.
from a particular receptor are a composite of the interactions  The oligonucleotides'SCCATGGGAGTGCTCATCTG-
of multiple TRAFs and possibly competition among TRAFs. GAAGATTCGCGA-3and3-GAATTCTCATCAGGGATCG-
A hierarchy of affinities of different TRAFs for receptor GGCAGATCCG-3were used to PCR amplify the TRAF3-C
binding sites also exists but has not been quantitated. Thisdomain (encoding amino acids 41668), from pGemT/
hierarchy appears to vary depending upon the recep®r (  TRAF3 (18), and the fragment was ligated into pCR2.1 to
25, 29, 30. make pCR2.1/TRAF3-C. The plasmid pCR2.1/TRAF3-C
Based on amino acid sequence homology of TRAF2 with was digested witiNcd andEcaRl, and the TRAF3 fragment
other TRAFs, it has been suggested that all TRAF domainswas ligated into pVL1393/Flagl) to generate pVL1393/
form homo-trimers 20, 21), but no studies have addressed FlagTRAF3-C. The plasmid pVL1393/FlagTRAF3-C was
the oligomeric composition of TRAFs other than TRAF2. digested withNcd and Notl, and the TRAF3-C fragment
Here we have overexpressed, isolated, and characterized thevas ligated into pET-23d/I1ZipCD40c to make pET-23d/
TRAF domain of each TRAF protein that directly interacts 1Zip—TRAF3-C. pET-23d/I1Zip-TRAF3-C was digested
with human CD40, TRAF1, TRAF2, TRAF3, and TRAF6 with Notl and partially digested witiXba, and the 654 bp
(18, 29. Biochemical and biophysical analyses demonstrated |Zip—TRAF3-C fragment was ligated into pVL1393 (InVit-
that each TRAF domain existed as a trimer in solution. rogen) to generate pVL1393/IZigTRAF3-C. The 5o0ligo-
Binding studies indicated that TRAF trimerization was nucleotides SCCATGGCCCAAGACAAGATTGAAGCCC-
required for efficient interactions with CD40 while CD40 TGAGTAGC-3 and 3-CCATGGCCAGGAGCATTGGC-
oligomerization also enhanced TRAF recruitment. TRAF6 CTCAAGGACCTG-3 and the 3oligonucleotide 5GAAT-
appeared to require a greater extent of CD40 oligomerization TCTTTGCCTCCATCTTGGAGAC-3 were used to PCR
for interaction and biological function. These findings suggest amplify fragments of TRAF2, from the plasmid pVL1393/
a general mechanism for generating specificity in receptor TRAF2-CA21 (8), which were ligated into pCR2.1 to make
signaling through TRAF proteins. pCR2.1/TRAF2-Q311 and pCR2.1/TRAF2-R326, respec-
tively. The Ncd—EcadRl fragments from pCR2.1/TRAF2-
MATERIALS AND METHODS Q311 and pCR2.1/TRAF2-R326 were ligated into pVL1393/
Plasmids and VirusesA chimera with a coiled-coil  TRAF2-NC-CA21 and pVL1393/FlagTRAF2-NCL§) to
trimerization domain was used to produce trimeric human make pVL1393/TRAF2-NC-Q311-CA21 (encoding amino
CD40 cytoplasmic domain (CD40c). pCD40&8[ was acids 311501 of TRAF2 with a C-terminal CA21 epitope
digested withNcd and Ecarl, and the CD40c-containing tag) and pVL1393/FlagTRAF2-NCR326 (encoding amino
fragment was ligated into pET-23d (Novagen) at the same acids 326-501 of TRAF2), respectively. The recombinant
sites to make pET-23d/CD40c. The oligonucleotidés 5 baculovirus stocks AcCMNPV/Flag-TRAF3-C, ACMNPV/

CCCCTCTAGAAATAATTTTGTTTAACTTTAAG-3', 5- IZip—TRAF3-C, AcMNPV/TRAF2-NC-Q311-CA21, and
AAGGAGATATTACCATGAATCGTATCAAACAG-3', 5- AcMNPV/Flag-TRAF2-NC-R326 were generated by stan-
ACTGAAGACAAAATCGAAGAAATCCTGTCCAA-3', 5- dard methods34) from the transplacement vectors described
ACAGTACCACATCGAAAACGAAATCGCTCGTA-3, 5- above. Viruses ACMNPV/Flag-TRAF1-NC, AcMNPV/Flag-
TCAAGAAACTGATCGGTGAACGTTCCATGGA-3, 5- TRAF2-NC, AcMNPV/Flag-TRAF3-NC, and AcMNPV/
ATGGTAATATCTCCTTCTTAAAGTTAAACAAAA- Flag-TRAF6-NC have been described previoud$)(
TTATTTCTAGAGGGGA-3, 5-CGATTTTGTCTTCGAT- Protein Expression and IsolatiofExpression of CD40c

CTGTTTGATACGATTC-3,5-TTCGATGTGGTACTGTTT- and 1Zip—CD40c inE. coli strain BL21(DE3) was induced
GGACAGGATTTCTT-3, and 3CCATGGAACGTTCAC- with 1.0 mM IPTG fa 3 h at 37°C. Harvested cell paste
CGATCAGTTTCTTGATACGAGCGATTTCGTT-3were was resuspended in 2 volumes of lysis buffer (20 mM
annealed and ligated to generate the trimeric pll variant of HEPES, pH 7.5, 200 mM NaCl, 1 mM DTT, 1 mM EDTA,
the GCN4 leucine zipper (1Zip)3Q). The ligated and gel- 1 mM EGTA, 10% v/v glycerol, 1 mM PMSF, 4g/mL
purified 160 bp DNA fragment was used as a PCR template leupeptin, 4ug/mL pepstatin A), frozen by pipetting into
with the oligonucleotides'SCCCCTCTAGAAATAATTT- liquid nitrogen, and stored at80 °C. Thawed cell paste
TGTTTAACTTTAAGAA-3' and 3-GGCCATGGAACGT- was resuspended in an equal volume of lysis buffer, and cells
TCACCGATCAGTTTCTTGATACGAGCG-3 and ligated were disrupted by nitrogen cavitation. Extracts were clarified
into pCR2.1 (InVitrogen) to make pCR2.1/IZip. The plasmid by ultracentrifugation for 75 min at 100090 Saturated
pCR2.1/1Zip was digested witiXba and Ncd, and the ammonium sulfate was added to 66% v/v at@, and
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precipitated proteins were resuspended in buffer A (20 mM 1.1 M ammonium sulfate, 1.0 mM DTT, and proteins were
HEPES, pH 7.0, 1 mM DTT, 10% v/v glycerol, 0.1 mM eluted with a 1.0 M ammonium sulfate gradient in 50
EDTA, 0.1 mM EGTA, and 1 mM PMSF) with 200 mM  mM postassium phosphate, pH 6.2, 20% glycerol, 1.0 mM
NaCl. The NaCl concentration was adjusted to 100 mM, and DTT. Cytosolic extracts containing Flag-TRAF2-NC or Flag-
the sample was applied to a Source 15S column (AmershamTRAF6-NC were applied to an anti-Flag M2 affinity column
Pharmacia Biotech) equilibrated in buffer A with 80 mM (Kodak) equilibrated in buffer A with 150 mM NaCl. After
NaCl. Proteins were eluted with a 100 mM to 1.1 M NaCl washing with buffer A containing 400 mM NaCl, Flag-
gradient in buffer A. Peak fractions were chromatographed TRAF2-NC was eluted with 50% ImmunoPure Gentle Ag/
through Sephacryl S-300 HR equilibrated in buffer A Ab Elution Buffer (Pierce)/50% buffer A containing 400 mM
containing 300 mM NacCl. Purified protein was quantitated NaCl without DTT. Flag-TRAF6-NC was eluted in buffer
using a Micro BCA assay (Pierce Chemical Co.) relative to A with 150 mM NaCl and 25@g/mL Flag peptide (Kodak).
GST-CD40c (8) as a standard, and stored-a80 °C. All proteins were chromatographed through Sephacryl S-300
Expression of sCD40L irk. coli BL21(DE3)pLysS was HR (Amersham Pharmacia Biotech) equilibrated in buffer
induced with 0.5 mM IPTG fo3 h at 25°C, and the cell A with 300 mM NacCl. Glycerol and PMSF were omitted
paste was harvested, frozen under liquid nitrogen, and storedrom samples used in surface plasmon resonance studies.
at —80 °C. Frozen cell paste was resuspended in 20 mM Purified proteins were quantitated as describ88) @nd
BisTris, pH 6.8, 100 mM NaCl, 5 mM EDTA, 1 mM DTT,  stored at—80 °C.
10% glycerol (5 mL/1 g of cells). Cells were lysed onice  To purify 1Zip—TRAF3-C, the nuclear fraction from
by sonication, and the lysate was centrifuged at 23060 baculovirus-infected Sf21 cells was prepared as described
30 min at 4°C. One tenth volume of 0.5% poly(ethylen- (36), without the addition of ATP or MgG] and an equal
imine), pH 7.9, was added dropwise to the supernatant with volume of cell lysis buffer containing 10% w/v sucrose was
stirring at room temperature. The lysate was centrifuged at added. An equal volume of buffer A, pH 7.5, with 800 mM
10000@ for 75 min at 4°C, filtered through a 0.2M filter, NaCl was added and incubated &t@for 10 min. Extracts
and applied to a Poros 20 HS cation exchange columnwere clarified by ultracentrifugation at 100af)Oproteins
(PerSeptive Biosystems) equilibrated in 256 mM MES, pH were precipitated with saturated ammonium sulfate (66%
6.4, 1 mM EDTA, 1 mM DTT, 5% glycerol. The column v/v) at 4°C, and resuspended in buffer A, pH 7.5, with 200
was washed with equilibration buffer and eluted with a linear mM NaCl. The sample was applied to and eluted from a
gradient of 6-1.0 M NaCl in equilibration buffer. The  Source 15S column as described above.+2IRAF3-C was
sCD40L peak was chromatographed on a Sephacryl S-100applied to a 5D10 anti-1Zip affinity column (CNBr-acti-
HR column (Amersham Pharmacia Biotech) in equilibration vated Sepharose 4B; Amersham Pharmacia Biotech) equili-
buffer containing 150 mM NacCl. Fractions containing brated in 20 mM HEPES, pH 7.5, 150 mM NaCl. The
sCD40L were pooled, filtered through a O/@M filter, column was washed using 20 mM HEPES, pH 7.5, 500 mM
quantitated 35), and stored at 4C. Purified sCD40L was  NaCl and eluted using ImmunoPure Gentle Ag/Ab Elution
characterized by analytical ultracentrifugation and found to Buffer (Pierce). Purified protein was dialyzed using buffer
be a noncovalent trimer (49 830 Da by sedimentation A, pH 7.5 without DTT or glycerol, with 300 mM NacCl,
equilibrium and 49 020 Da by sedimentation velocity analy- quantitated as describe85), and stored at-80 °C. Mouse
ses; data not shown). CD8a—human CD40 ligand (mCDB8-hCD40L) was ex-
Spodoptera frugiperdéSf21) cells were maintained and pressed and purified as described previousl®).( The
infected as described previousB6j using medium supple-  molecular mass of purified mC8-hCD40L as determined
mented with 5% heat-inactivated fetal bovine serum (Hy- by analytical ultracentrifugation analysis was consistent with
Clone) and 5Qig/mL gentamicin sulfate (Life Technologies, a minimally glycosylated hexamer or heptamer (data not
Inc.). All purification procedures for protein expressed in shown).
Sf21 cells were performed at 4C. Cytosolic extracts of Anti-1Zip Production. BALB/c mice were immunized
baculovirus-infected Sf21 cells were prepared as describedintraperitoneally with 10@g of purified 1Zip—CD40c fusion
(18, 36. Saturated ammonium sulfate was added to 43% protein @7). Mice received the first immunization in
v/v for Flag-TRAF2-NC-R326 and TRAF2-NC-Q311-CA21 complete Freund’s adjuvant and three subsequent immuniza-
and to 33% for Flag-TRAF1-NC, Flag-TRAF3-NC, and tions in incomplete Freund’s adjuvant. One animal with a
Flag-TRAF3-C. Precipitated proteins were resuspended in high-titer serum was boosted with 5@ of 1Zip—CD40c in
buffer A with 200 mM NaCl. The NaCl concentration was PBS intravenously 4 days before spleen cell fusion to the
adjusted to 100 mM, and the sample was applied to coupledP3X63Ag8.653 myeloma3g—40). Clone 5D10, a mouse
Source 15S and Source 15Q columns (Amersham PharmacidgG1l/k, was one of two positive clones selected from the
Biotech) equilibrated in buffer A with 80 mM NaCl. The initial screening and was subcloned twice by limiting
flow-through was applied to a Ceramic Hydroxyapatite (type dilution. The final subclone 5D10.3B3.7C10 was shown to
II) column (BioRad) equilibrated in 50 mM potassium be free ofMycloplasmacontamination and was used for all
phosphate, pH 6.2, 100 mM NaCl, 0.2 mM DTT. For Flag- further antibody preparations. The 5D10 antibody was
TRAF1-NC, Flag-TRAF2-NC-R326, Flag-TRAF3-C, and purified as described4().
Flag-TRAF3-NC, proteins were eluted with a-5875 mM TRAF Cross-LinkingFive micrograms of each TRAF
potassium phosphate, pH 6.2, gradient. For TRAF2-NC- domain protein was mock-treated or treated with a final
Q311-CA21, flow-through from the Ceramic Hydroxyapatite concentration of 0.1% or 0.01% glutaraldehyde in&0of
column was adjusted to 1.1 M ammonium sulfate and applied 25 mM potassium phosphate, pH 8.0y fb h at room
to a Phenyl-Superose column (Amersham Pharmacia Bio-temperature. Samples were mixed with an equal volume of
tech) equilibrated in 50 mM postassium phosphate, pH 6.2, 2% SDS, 50 mM Tris-HCI, pH 6.8, and 2% 2-ME and heated
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at 95°C for 5 min. Portions were analyzed by SBBAGE TRAF-H TRAF-C
(12% polyacrylamide Trisglycine; Novex) followed by FlagTRAF1-NC = |
staining with Coomassie Brilliant Blue R350. 185 416
Coupled Size Exclusion Chromatograptiyaser Light FlagTRAF2-NC F.ﬂ-
Scattering.The molecular mass of purified proteins was ] 501
determined using size exclusion chromatography on a M. ] CAZT
Hewlett-Packard HP1090 Chemstation with in-line detection TRARBHC-ORI-CAL m- m_
using a Wyatt Mini-Dawn laser light scattering detector and Fi
a Wgters )1/10 Differential Refract%meter. Bio-Silect columns FlagTRAF2-NC-Fa26 :;u.
(BioRad), either 400-5 in tandem with a 250-5 or a 250-5 Fisg i
alone, were used with running buffer (20 mM TES, pH 7.0, FlagTRAF3-NC —
0.3 M NaCl). Protein concentrations were calculated using o b
a dvdc value of 0.185. Laser light scattering data were |zjp.TRAF3-C
analyzed using Astra software version 4.5 (Wyatt Technology ing E58
Corp.). ¥
Analytical Ultracentrifugation. Experiments were per- FlagTRAF2-C :':E -~

formed using a Beckman Model XL-1 analytical ultracen- .

trifuge using either two-sector cells (sedimentation velocity) FlagTRAFE-NC =3"-

or six-hole cells (sedimentation equilibrium). Sedimentation "

equiliorium analyses were in 20 mM TES, pH 7.0, 0.2 M0 3 e omain (gray), and the mocifed isoleucince

NaCl, 1 mM DTT at 20°C and used rotor speeds Of.20 000, zipper ,(white, 1Zip) are represgntgd, to scale for each protein. The

25000, 30 000, and 35 000 rpm at three concentrations. Datay_terminal and C-terminal amino acid positions for each protein

were edited and analyzed using the programs REEDIT, Non-as well as the N-terminal Flag and C-terminal CA21 epitope tags

Lin, and Noneg442, 43 provided by the National Analytical ~ are indicated.

Ultracentrifugation Facility at the University of Connecticut, ] o

Storrs, CT. (12). Cells were stimulated for 15 min with 10g/mL
Sedimentation velocity analyses were performed at 50 000SCDP40L or 10ug/mL mCD&—hCDA40L.

or 55 000 rpm at 20C in 20 mM TES, pH 7.0, 0.3 M NaCl. RESULTS

Predicted partial specific volumes)(and hydration param-

eters §) were calculated using Sednterp ver. 1.00,(45. Oligomeric Structure of the TRAF Domaifio study the

Global nonlinear least-squares fitting of the data was oligomeric structures of TRAF1, TRAF2, TRAF3, and

performed using the program Svedberg ver. 5.01 [provided TRAF6 and their interactions with CD40, eight TRAF

1

by Dr. J. S. Philo 44)]. domain constructs (Figure 1) were expressed in insect cells.
TRAF Binding Assay<GST coprecipitation assays were Each protein was purified to near-homogeneity, and the
as described previously using purified GSTD40c (20ug; identity was verified by electrospray ionization mass spec-

590 pmol), purified TRAF protein (1000 pmol), and A0 trometry (Table 1). Each of the Flag-tagged proteins was
of glutathione Sepharose 4B (Amersham Pharmacia Biotech)N-terminally acetylated, and TRAF2-NC-Q311-CA21 lacked
(18). Solid-phase TRAFCD40c ELISA was as described the N-terminal Met and was acetylated on the next amino

previously (2). Plates were probed with ZM purified acid residue (Ala). No other covalent modifications were
TRAF protein, and binding was detected with L@/mL detected.

anti-Flag BioM2 antibody (Kodak) and streptaviein Several approaches were used to define the oligomeric
horseradish peroxidase (0/g/mL; Jackson ImmunoRe-  structure of the TRAF domain of TRAF1, TRAF3, and
search). TRAF6. Initially, low concentrations of purified TRAF

Surface Plasmon Resonance Analyg8s.experiments domains were cross-linked with two different concentrations
were performed on a BIACORE 1000 (Biacore, Inc.). lZip  of glutaraldehyde. After analysis by SB®AGE, oligomers
CD40c or CD40c was immobilized on a BlAcore CM5 of Flag-TRAF1-NC, TRAF2-NC-Q311-CA21, and Flag-
sensor chip using amine-coupling (EDC) as recommendedTRAF3-NC with mobilities consistent with cross-linked
by the manufacturer. Subsequently, the surface was blockeddimers and trimers were evident. Dimers and trimers
with an 8 min injection & 1 M ethanolamine. Surface increased relative to monomer with increasing glutaraldehyde
densities of immobilized ligands ranged from 150 to 300 concentration (Figure 2, lanes 3, 6, 12). Cross-linked
resonance units. Surfag measurements were obtained by multimers of Flag-TRAF6-NC were also present but could
performing direct binding assays. Briefly, dilutions of TRAF not be resolved into distinct species due to cross-linking with
proteins were prepared in running buffer (50 mM HEPES, minor copurifying proteins. After glutaraldehyde cross-
pH 7.0, 106-300 mM NacCl, 0.1 mM EDTA, 0.1 mM linking, Flag-TRAF2-NC also formed distinct dimers and
EGTA, 1 mM DTT) and injected over the surface at a flow trimers similar to TRAF2-NC-Q311-CA21 (data not shown).
rate of 15¢«L/min. Data were collected from the equilibrium Laser light scattering was used to calculate a molecular
portion of all sensorgrams, and binding isotherms were mass for all purified TRAF domains (Table 1). These results
generated using SAS (version 6.48]. were consistent with each TRAF-NC domain existing as a

Cellular Signaling AssaysNF-«B reporter assays were trimer in solution (TRAF2-NC-Q311-CA21, Flag-TRAF3-
as described previousil?). Cells were stimulated for 6 h  NC, and Flag-TRAF6-NC; Table 1). Only Flag-TRAF1-NC
with 10 ug/mL sCD40L or 10ug/mL mCD&.—hCD40L. exhibited a molecular mass higher than expected for a trimer.
p38 MAPK activation assays were as described previously This result was probably due to the poor solubility of this
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Table 1: Biophysical Analyses of TRAFs

protein Mma M (predicted trimer) M,(light scat.} M(sed. vely M(sed. eq9
Flag-TRAF1-NC 27 991 83973 105 700 81 150 ND
TRAF2-NC-Q311-CA21 23074 69 222 74 820 71 040 63 686
Flag-TRAF2-NC-R326 21682 65 046 27 190 18 340 30 289
Flag-TRAF3-NC 26 046 78 138 78 260 74 470 73431
Flag-TRAF3-C 19 050 57 150 22740 19510 19 488
Flag-TRAF6-NC 30504 91512 110 600 86 590 ND
CD40c 6932 NA ND® 8 140 6921
1Zip—CD40c 11402 34 206 ND 32 640 ND

a2 Molecular mass in Da as determined by electrospray ionization mass spectrdhhdditgcular mass in Da as determined by size exclusion
chromatographylaser light scattering as described under Materials and Metliddslecular mass in Da as determined by sedimentation velocity
analysis as described under Materials and Methbi®lecular mass in Da as determined by sedimentation equilibrium analysis as described
under Materials and MethodSND, not determined; NA, not applicable.

Flag- Flag- Flag: TRAFZ-MC- interacted efficiently with GST-CD40c (Figure 3A). How-
TRAF1-MC TRAFI-NC TRAFE-NC Q311-CAl ever, Flag-TRAF2-NC-R326 and Flag-TRAF3-C interacted
M- 00104 — .001.01 = 001 .01 - .001.01% glut, weakly with GST-CD40c. None of the purified TRAF pro-
teins interacted with GST alon&§;, data not shown), demon-
strating the specificity of the interactions. To better quantitate
the interactions of trimeric and monomeric TRAFs with
CD40, a solid-phase TRAF binding assay was used. In this
assay, TRAF concentration was kept constant @2 and
974 = GST—-CD40c fusion protein was titrated over a broad con-
BE = f - centration range to allow detection of low-affinity interac-
tions. Flag-TRAF2-NC-R326 and Flag-TRAF3-C bound

n

45 - , . poorly, if at all, to GSF-CD40c when compared to Flag-

TRAF2-NC and Flag-TRAF3-NC, respectively (Figure 3B).
Sedimentation equilibrium analyses (Table 1) predict that

L — - at 2 uM Flag-TRAF2-NC-R326 was predominantly mono-
—— _ mer. These data suggest that TRAF trimerization is required

gl —_— for higher affinity interactions of TRAFs with CD40c.
144 = To confirm that the TRAF-N domain serves to trimerize

TRAFs and is not involved in making contacts with CD40c
1 2 3 4 5 6 T & # 10 11 12 or otherwise structuring the TRAF-C domain, TRAF3-C was
FiIGURE 2: Glutaraldehyde cross-linking of TRAF domains. Purified engineered as a trimer by the N-terminal addition of a coiled-
TRAF domains were either untreated)( or treated with the  coil trimerization domain (1Zip- TRAF3-C). Analytical ul-
gggtsgggrcentagizgjglut?raldelhyd_ed. ProtFms&Ner_e Sﬁpafdatgd b¥racentrifugation of 1Zip- TRAF3-C demonstrated that it was
on a o polyacrylamide gel and visualized by . e .
staining with Coomassie Brilliant Blue. Migration positions of a .trlmer (data not shown). In coprecipitation 'e)'(perlments,
dimeric (D) and trimeric (T) TRAF oligomers are indicated. |Zip—TRAF3-C bound to GSFCDA40c as efficiently as
Molecular mass markers (M) listed in kDa. The asterisk indicates Flag-TRAF3-NC (Figure 4), indicating that the TRAF3-N
a contaminating protein that copurified with Flag-TRAF6-NC.  domain is required for trimerizing the TRAF3-C domain and

polypeptide and its tendency to precipitate. Sedimentation SCe[;\Zl?)S primarily to increase the avidity of interactions with
equilibrium and sedimentation velocity experiments further C.
confirmed the composition of each TRAF-NC protein as a  Surface plasmon resonance studies were performed to
trimer (Table 1). We then tested the effect of removing most determine affinities of trimeric TRAF domain proteins for
or all of the N-domain. In contrast to proteins containing the CD40 cytoplasmic domain. The ligand for CD40 is
the entire TRAF domain, Flag-TRAF3C appeared to be a known to be a trimer47). By analogy to the structure of
monomer as determined by laser light scattering and analyti- TNF receptor 1 bound to L% (48), it is assumed that
cal ultracentrifugation analyses (Table 1). Flag-TRAF2-NC- CD40L engagement results in at least trimerization of CD40.
R326 was a monomer at low protein concentrations, but it To simplify measurements of molecular interactions between
formed a fraction of trimers at higher protein concentrations trimeric TRAF proteins and ligand-bound CD40, a locked
(Table 1; data not shown). These results indicate that thetrimeric CD40c was engineered by attaching IZip to the
TRAF domains of TRAF1, TRAF2, TRAF3, and TRAF6 N-terminus of CD40c (I1Zip-CD40c). Purified 1Zip-CD40c
exist as homo-trimers. The TRAF-N domains of TRAF2 and formed a trimer as confirmed by analytical ultracentrifugation
TRAF3 are required for trimer formation. (Table 1). TRAF2-NC-Q311-CA21 bound 1ZCD40c with
Interactions of CD40 with TRAF Domain$o examine a surfaceKp of 2.5uM (Figure 5). The CA21 epitope tag
the requirement for TRAF trimerization in receptor binding, did not affect the binding of TRAF2-NC-Q311-CA21 since
each purified TRAF domain protein was tested for interac- the same protein without the epitope tag had a similar affinity
tions with a GST-CD40c fusion protein. In coprecipitation  (Kp = 3 uM, data not shown). Flag-TRAF3-NC bound to
experiments, the trimeric proteins Flag-TRAF1-NC, Flag- [Zip—CD40c with an approximately 5-fold lower affinit)K
TRAF2-NC, TRAF2-NC-Q311-CA21, and Flag-TRAF6NC = 13 uM), consistent with previous studies suggesting that
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Ficure 3: In vitro association of TRAF proteins with the CD40
cytoplasmic domain. (A) GST coprecipitation assays were per-
formed using 2Qug of GST-CD40c, 1umol of TRAF protein,
and 10uL glutathione Sepharose 4B. Lanes 7, 10% of each
input TRAF protein ) used in coprecipitations. Lanes-&4,
GST-CD40c coprecipitationst) with the indicated purified TRAF
proteins. Precipitated proteins were separated by-SBYSGE on

a 16% polyacrylamide gel and visualized by staining with Coo-
massie Brilliant Blue. The arrow indicates the position of GST
CD40c. (B) Solid-phase binding assay for GSTD40c-TRAF
interaction. Purified TRAF proteins (2M each) were incubated
in wells containing serial dilutions of purified GSTTCD40c and
detected with biotinylated anti-Flag BioM2 antibody and strepta-
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FIGURE 4: In vitro association of 1Zip TRAF3-C with the CD40
cytoplasmic domain. GST coprecipitation assays were performed
as described in the Figure 3 legend. Lane8,110% of each input
TRAF protein () used in coprecipitations. Lanes-8, GST-
CD40c coprecipitations+) with the indicated purified TRAF
proteins. Precipitated proteins were separated by-SPXSGE on

a 16% polyacrylamide gel and visualized by staining with Coo-
massie Brilliant Blue. The arrow indicates the position of GST
CD40c. No binding of 1Zip-TRAF3-C was found when GST alone
was tested (data not shown).
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FiIGuRe 5: Surface plasmon resonance analysis of TRAF2-NC and
TRAF3-NC interaction with CD40c. Immobilization of CD40c
(open circles) or 1Zip-CD40c (closed triangles and closed circles)
to a BlAcore sensor chip was done to obtaiB00 RU of signal.

The indicated monomer concentrations of TRAF domains were used
for injection. CD40e-TRAF2-NC-Q311-CA21 binding, open circles;
1Zip—CD40c-Flag-TRAF3-NC binding, closed triangles; 1Zip

vidin—HRP. No signal was generated in the assay when GST aloneCD40c-TRAF2-NC-Q311-CA21 binding, closed circles. Calcu-

was tested for TRAF binding or with anti-Flag BioM2 antibody in

lated surfaceKp values for each isotherm are listed. No TRAF

the absence of TRAF protein (data not shown). Each point is the binding was detected using control surfaces. Each experiment shown
mean of duplicate wells. Representative of two independent is representative of three independent experiments. Each point is

experiments.

full-length TRAF3 binds to CD40c more weakly than TRAF2
(18). Using 51 or 316/M solutions of Flag-TRAF1-NC or
Flag-TRAF6-NC, respectively, no specific binding to 1Zip

the mean of duplicates.

CD40 receptor on antigen-presenting cells is engaged by
transiently expressed CD40L on the surface of activated T
cells. Interactions of numerous other receptors and ligands

CD40c could be detected (data not shown). Due to the pooroccur between these two cell surfaces. Most of the engaged

solubility of Flag-TRAF1-NC, higher concentrations could

receptor-ligand pairs have been found to colocalize to the

not be tested. These results are consistent with previousarea of cell-cell contact to form a two-dimensional network

results that showed full-length TRAF1 and TRAF6 bind more
poorly to the CD40 cytoplasmic domain than TRAF2 and
TRAF3 (18).

(49, 50. In this context of two interacting cell surfaces, it is
likely that CD40 engaged by CD40L also forms a higher
order oligomeric network. To investigate the role of CD40
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multimerization in mediating TRAF recruitment, we used

surface plasmon resonance to compare TRAF binding to

monomeric CD40 (CD40c) and trimeric CD40 (1Zp
CD40c). TRAF2-NC-Q311-CA21 bound to CD40c with a
12-fold lower affinity than to 1Zip-CD40c trimers Kp =

30 uM; Figure 5). These results demonstrated that CD40
trimerization increased the avidity of TRAF2 for CD40c.
Because no binding of Flag-TRAF6-NC to 1Z#€D40 was

detected in the surface plasmon resonance analyses under

conditions used with TRAF2 and TRAF3, a higher surface
density of 1Zip—CD40c was tested for TRAF6 binding. Flag-
TRAF6-NC at 31&«M was observed to bind specifically to
a 10-fold higher density of 1Zip CD40c (data not shown).

It was not possible to obtain a quantitatig value due to
the high quantity and concentrations of Flag-TRAF6-NC

required. This suggested that a higher degree of CD40

multimerization than trimerization may be required for
TRAF6 interactions.

Dependence of CD40 Signaling on the Extent of CD40
Multimerization.It is known that signaling through CD40
results in activation of NkB (51, 52 and that both TRAF1/
2/3 and TRAF6 binding sites in CD40 are required for
maximal activation 12, 53, 54. The ability of different
extents of CD40 multimerization to mediate IB-activation
was tested in cells. Purified recombinant soluble trimeric
CDA40L (sCD40L) and soluble hexameric CD40L (mGDB8
hCD40L) were characterized by analytical ultracentrifugation
to confirm subunit structures (see Materials and Methods).
These reagents were used to cross-link CD40 to differing

Pullen et al.
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extents on the surface of two stably transfected humanFicure 6: CD40 signaling depends on CD40L multimerization.

embryonic kidney (HEK) 293 cell lines. One transfectant
expressed wild-type CD40, and the other expressed a CD4
mutant (T254A) that has a single amino acid alteration in
the TRAF1/2/3 binding site!®PVQET) that eliminates
TRAF1/2/3 binding. The CD40 T254A mutant appears to
signal only through TRAF6 12). NF«B activation was
quantitated by transfecting cells with an NB- reporter
plasmid and stimulating cells with either sCD40L trimer or
mCD8x—hCD40L hexamer. Cells expressing wild-type
CD40 had higher basal levels of NdB activity than cells
expressing CD40 T254A, as previously demonstrafid] (
(Figure 6A). sCD40L and mCDO8-hCD40L stimulated
similar levels of NFxB activation in cells expressing wild-
type CDA40. In cells expressing CD40 T254A, sCD40L trimer
stimulated low levels of NREB activation. mCD8&—
hCD40L hexamer mediated a 7-fold greater increase in NF-
«B activity than sCD40L (Figure 6A). These results indicate
that CD40 trimerization was sufficient for maximal MB-
activation through wild-type CD40 that had an intact TRAF1/
2/3 binding site. However, a greater degree of CD40
multimerization was required for maximal NéB activation
mediated through TRAF6 binding in the absence of TRAF2
and TRAF3 binding.

(A) CD40-mediated NFB activation. Stably transfected HEK 293

Ocell lines expressing wild-type CD40 (gray) or CD40 T254A (black)

were transfected with a NkEB—Iluciferase reporter plasmid and
stimulated fo 6 h with medium, sCD40L (1@2g/mL) or mCD8x—
hCD40L (10 ug/mL), and lysates were assayed for luciferase
activity. Results are meaa- standard deviation of triplicate
transfections. (B, C) CD40-mediated p38 MAPK activation. Lysates
were prepared from stably transfected HEK 293 cell lines expressing
wild-type CD40 or the CD40 T254A mutation 15 min after either
mock-stimulation £) or stimulation with sCD40L (1@g/mL) or
mCD8x—hCD40L (10 ug/mL). Proteins in each lysate were
separated by SDSPAGE on a 12% polyacrylamide gel and
electroblotted to a PVDF membrane. Detection of phosphorylated
active p38 MAPK (B) and total p38 (C) protein was performed by
immunoblotting as described under Materials and Methods.

in active p38 MAPK levels following sCD40L or mCla8-
hCD40L treatment. Cells expressing CD40 T254A that lacks
TRAF1/2/3 binding showed no increase in active p38 MAPK
after treatment with sCD40L trimer. However, treatment of
CD40 T254A cells with mCD&8—hCD40L hexamer caused

a significant increase in activated p38 MAPK levels. As a
control, in both cell lines, similar levels of total active and
inactive p38 MAPK were present (Figure 6C). These results
are consistent with the biochemical data presented above that
suggest a higher degree of CD40 multimerization than

Previous studies have demonstrated that CD40 signalingyrimerization is required for signaling mediated through

activates p38 MAPK g5, 56 and that TRAF6 contributes
significantly (12). The effect of CD40 multimerization on
activation of p38 MAPK in wild-type CD40 and CD40
T254A-expressing HEK 293 cell lines was also examined.
Similar basal levels of active p38 MAPK were detected in
wild-type CD40 and CD40 T254A-expressing HEK 293 cell
lines (Figure 6B) as well as in untransfected HEK 293 cells
(12). Wild-type CD40 transfectants showed a similar increase

TRAF6 binding.

DISCUSSION

Previous studies demonstrated that the TRAF domain of
TRAF proteins mediates homo- and hetero-oligomerization
(13, 18, 19 and that the TRAF domain of TRAF2 is a trimer
(20, 21). Here we have delineated the oligomeric composition
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of the TRAF domains of TRAF1, TRAF3, and TRAF6 and
biochemically characterized the role of oligomerization in
TRAF binding to CD40. Chemical cross-linking, laser light

Biochemistry, Vol. 38, No. 31, 19990175

mechanism that reduced the concentration of functional
TRAF trimers, including phosphorylation, proteolys&0(
61), or regulatory protein binding to TRAF monomers, would

scattering, and analytical ultracentrifugation demonstrated be expected to reduce signaling.

that the TRAF domains of TRAF1, TRAF2, TRAF3, and
TRAF6 form homo-trimers in solution (Figure 2 and Table
1). Additional experiments on the recombinant TRAF domain
of TRAF4 also indicated that TRAF4 forms trimers in
solution (data not shown). Consistent with crystallographic
results on TRAF2Z0, 27), a portion of the TRAF-N domain
of TRAF2 and TRAF3 was required for trimer formation.
Thirty-nine amino acids could be deleted from the N-
terminus of the TRAF2-N domain to generate trimeric
TRAF2-NC-Q311. However, deletion of 15 additional
TRAF-N domain amino acids to generate TRAF2-NC-R326
or removal of all of the TRAF-N domain of TRAF3 (TRAF3-

Each TNF receptor family member ligand that has been
expressed and purified as a soluble molecule is a triB®&r (
47). By analogy with the structure of the FFTNFR1
complex @8), TNF receptors are expected to trimerize
following engagement with their cognate ligands. As sug-
gested by the structure of TRAF2(Q, 21, a geometric match
between extracellular and intracellular ligands provides
mechanisms for discrimination and stabilization of ligand-
bound trimeric receptors by TRAFs. Thus, avidity-driven
recruitment of TRAF complexes to the receptor cytoplasmic
domains could initiate intracellular signaling cascades. This
idea is specifically supported by our findings that the affinity

C) resulted in proteins that were predominantly monomers of trimeric TRAFs for receptors is inherently low and that
at concentrations where the full-length TRAF domains were CD40 receptor trimerization was required for higher affinity

trimers (2uM). TRAF2-NC-R326 formed trimers only at
higher protein concentrations (50M), indicating that
deleting residues 311325 of TRAF2 destabilized trimers.

interactions with trimeric TRAF2 (Figure 5). These data also
are consistent with previous studies in cells that demonstrate
TRAFs associate with receptor cytoplasmic domains fol-

Previous studies are also consistent with our findings. The lowing receptor cross-linkingé({, 629.

TRAF2-N domain (272 358) and TRAF2-C domain (355
501) were shown not to form hetero-oligomers with full-
length TRAF2 (9). In a previous study of TRAF3, amino

A more quantitative hierarchy of CD40rRAF affinities
was also established using surface plasmon resonance studies.
The Kp of TRAF3 interaction with trimeric CD40c was 13

acids 340-568 self-associated, whereas amino acids389 uM, a 5-fold lower affinity than TRAF2 for CD40c (Figure
568 did not 67). Together these results support the inference 5). TRAF1 binding to trimeric CD40c could not be demon-
that intermolecular contacts observed in the TRAF2 crystal strated at 5M, and, similarly, TRAF6 binding to trimeric

structure in both the TRAF-N coiled-coil domain and the
TRAF-C domain contribute to trimerization of TRAF2(Q,
21). Our findings suggest that this overall trimeric structure
would be conserved among all six TRAF proteins.
Trimeric TRAF domains of TRAF2 and TRAF3 interacted
efficiently with CD40; however, monomeric TRAF-C do-
mains interacted weakly with CD40 (Figure 3). Consistent

CD40c could not be demonstrated at 3461. These
experiments set lower limits on the respectigevalues and
suggest that TRAF1 and TRAF6 bind to CD40c with at least
20-fold and 125-fold lower affinities than TRAF2, respec-
tively. The quantitation of a hierarchy of affinities of TRAFs
for CD40 supports the idea that the relative levels of TRAFs
in a particular cell type would determine which TRAFs

with these findings, a previous study showed the TRAF3-C preferentially bind and signal. Levels of TRAF mRNA in

domain (amino acids 38%68) interacted poorly with

lymphotoxing receptor (LPR) (57). An engineered TRAF3-C

trimer formed by complete replacement of the TRAF3-N
domain bound as efficiently to CD40 as the wild-type
TRAF3-NC (Figure 4). This confirms that the TRAF3-N
domain is involved in trimerization but not in receptor
binding or in otherwise structuring the TRAF-C domain for

cells have been found to be upregulated by certain stimuli,
including CD40 ligation 5, 63. It would be expected that
this would contribute significantly to regulating the CD40
responsiveness of cells in different activation states and in
establishing selectivity in signaling by different TNF recep-
tors.

Because specific TRAF6 binding to a higher density of

receptor binding. In contrast to our findings, previous yeast trimeric CD40 was observed in surface plasmon resonance

two-hybrid studies have shown the TRAF2-C domain (344
501) and the TRAF3-C domain (41568) interact with the
cytoplasmic domains of CD30 and CD40, respectivély, (

analyses, this suggested that a higher degree of CD40
multimerization could be required for recruitment of TRAF6.
Alternatively, since the TRAF6 binding site in 1Z{CD40c

59). This apparent discrepancy could be explained by is situated closer to the coiled coilg), the 1Zip—CD40c
quantitative differences and differences in the dynamic range may not provide optimum geometry for TRAF6 interaction.

between in vitro binding assays and yeast two-hybrid
analyses.

Therefore, the effect of degree of CD40 multimerization on
TRAF6 interaction was examined in a cellular system using

Our studies suggest that TRAF trimerization appears to a mutant CD40 receptor that only interacts with TRAF6

be required for efficient interactions with receptor cytoplas-
mic domains. We predict that full-length TRAFs would need

(CD40 T254A) (2). The celluar results demonstrated that
the CD40 T254A receptor signaled only when ligated with

to be preassembled as at least trimers in order to behexameric CD40L and not with trimeric CD40L (Figure 6).

effectively recruited following receptor engagement. It
remains to be determined whether full-length TRAFs are
preformed trimers in cells. The requirement for TRAF

Thus, initiation of CD40 signaling through TRAF6 may
require more extensive CD40 multimerization by CD40L.
Consistent with these results is the possibility that TRAF2

trimerization in receptor engagement suggests possibleand TRAF3 could promote TRAF6 binding by further

mechanisms for turning off TRAF signaling. In addition to
competition for receptor binding sites, signaling could be
inhibited by destabilization of TRAF trimerization. Any

multimerizing CD40 following engagement with CD40L.
These results also are consistent with studies in B cells
demonstrating that different degrees of CD40 cross-linking
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result in different cellular response®4). Particular cellular
responses requiring higher degrees of receptor multimeriza-
tion, such as induction of proliferation or cytokine produc-
tion, may be mediated by CD40 through TRAF6.

These studies extend initial findings from the crystal
structure of TRAF2 by biochemically characterizing TRAF1,
TRAF3, and TRAF6 TRAF domains as trimeric proteins at
much lower concentrations than used in the crystallographic
work. The trimeric architecture of TRAFs and ligand-bound
receptors establishes a role for trimerization in initiating
signaling. Similar mechanisms as described here for CD40
would be expected to regulate the interactions of TRAFs with
other TNF receptor family members and establish selectivity
in signaling. It remains to be determined whether other
signaling proteins that interact with TRAFs (e.g., TRADD,
I-TRAF/TANK, clAP-1, clAP-2, etc.) also form trimers or
oligomers to promote assembly of signaling complexes.
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